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Abstract Life-threatening cardiovascular anomalies require
surgery for structural repair with cardiovascular patches.
The biomaterial patch, derived from Bombyx mori silk
fibroin (SF), is used as an alternative material due to its
excellent tissue affinity and biocompatibility. However, SF
lacks the elastomeric characteristics required for a cardio-
vascular patch. In order to overcome this shortcoming, we
combined the thermoplastic polyurethane, Pellethane®
(PU) with SF to develop an elastic biocompatible patch.
Therefore, the purpose of this study was to investigate the
feasibility of the blended SF/PU patch in a vascular model.
Additionally, we focused on the effects of different SF
concentrations in the SF/PU patch on its biological and
physical properties. Three patches of different compositions
(SF, SF7PU3 and SF4PU6) were created using an electro-
spinning method. Each patch type (n = 18) was implanted
into rat abdominal aorta and histopathology was assessed at
1, 3, and 6 months post-implantation. The results showed
that with increasing SF content the tensile strength and
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elasticity decreased. Histological evaluation revealed that
inflammation gradually decreased in the SF7PU3 and SF
patches throughout the study period. At 6 months post-
implantation, the SF7PU3 patch demonstrated progressive
remodeling, including significantly higher tissue infiltration,
elastogenesis and endothelialization compared with
SF4PU6. In conclusion, an increase of SF concentration in
the SF/PU patch had effects on vascular remodeling and
physical properties. Moreover, our blended patch might be
an attractive alternative material that could induce the
growth of a neo-artery composed of tissue present in native
artery.
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1 Introduction

Cardiovascular diseases are the most common causes of
serious morbidity worldwide. Life-threatening cardiac
anomalies such as atrio-ventricular septal defects and pul-
monic stenosis require surgery for structural repair with
cardiac patches. Various patch materials currently used for
cardiovascular tissue reconstruction include prosthetic
materials such as polyethylene terephthalate (PET) and
polytetrafluoroethylene (PTFE), autologous pericardium
and allogenic-xenogenic pericardium [1, 2]. However, these
patches have several disadvantages in long-term use due to
their inability to grow with patient’s organ, their unsuit-
ability for tissue remodeling, their susceptibility to throm-
botic stenosis and calcification, and decline in their
mechanical strength [3-5]. All these problems are caused by
the use of inappropriate materials and often lead to reo-
peration. Therefore, alternative tissue engineered bioma-
terial patches for cardiovascular reconstruction are urgently
required.

Silk fibroin (SF) is a natural biopolymer derived from
Bombyx mori cocoons. Fibroin is the core filaments of silk
and is composed of semicrystalline and B-sheet crystalline.
The crystalline domains consist primarily of the amino
acids: glycine, alanine, serine, threonine and valine [6]. The
B-sheet crystal region provides the tensile strength and
elasticity of the silk fiber [7]. Recently, SF is also an
alternative candidate for biomaterial because of its excellent
property superior to other natural biopolymers [8]. Previous
study showed that SF bio-conjugated scaffold induced tis-
sue regeneration and resisted infection during the treatment
of musculoskeletal disease. It has advantages over poly
(lactic acid) and collagen in biocompatibility and anti-
genicity [9]. Moreover, other fascinating attributes include
excellent tissue affinity, biodegradability, low immuno-
genicity and easily accessible chemical groups for func-
tional modifications [8, 10]. SF offers versatility in matrix
scaffold design for engineering various tissues such as
cornel epithelial sheet, vascular graft, bone and cartilage
scaffolds [11-14]. However, the limitations of SF materials
are their lack of elastomeric characteristics and of strength.
Previous studies demonstrated that a nonwoven sheath
prepared from SF had inadequate elasticity required for
ligament scaffold [15] and that a SF vascular graft was
stiffer than collagen-coated grafts for implantation [16]. In
order to overcome these disadvantages, this study focused
on developing an elastic biocompatible material using SF as
the material base to create a novel cardiac patch.

Pellethane® (2363-80AE, DOW chemical) is a family of
medical-grade thermoplastic polyurethane (PU) elastomers
with a wide range of properties [17]. It is a poly-
tetramethylene glycol based PU, which is composed of
organic units joined by urethane linkages. For years, PU
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represented synthetic elastomer that has been applied for a
variety of medical implants. It is used in the fabrication of
medical devices such as cardiac pace makers and vascular
grafts [18, 19]. This study used Pellethane® because it is a
well-defined polymer which is easy to process by the
electrospining method and has excellent hydrolytic stability.
Moreover, it can be manipulated in tissue-engineering
scaffolds due to its high elasticity and has good blood
compatibility and resistance to microorganisms [20-22]. A
previous study demonstrated that porous Pellethane® vas-
cular graft provided an appropriate scaffold for cell
attachment, host cell ingrowth and matrix deposition. It
showed successful reconstruction of the host vessel within
6 months [23].

Recently, there has been great interest in modification of
a polymeric material such as PU with natural SF. In 2003,
SF-coated poly(carbonate) urethane membranes were see-
ded with human adult fibroblasts. This modified membrane
could support the adhesion and growth of fibroblasts
without secreting pro-inflammatory cytokines [24]. In
addition, an in vitro study of SF blended with biobased PU
films in various concentrations assessed their capacity to
support myoblast differentiation. A hybrid film with a high
SF concentration improved cell adhesion, proliferation and
myogenic activity of C2C12 (a mouse myoblast cell line).
Furthermore, it provided the flexibility and biocompatibility
for soft tissue reconstruction [25].

Even though SF and PU polymer combinations seem to
have been successfully used as tissue scaffold in in vitro
studies, little is known about their potential for use in a
cardiovascular patch, especially in in vivo studies. To create
the desired SF/PU patch, this study used the electrospining
method to form a non-woven patch. This is an attractive
technique for fabricating nanostructured vascular scaffolds
with high surface area and porosity that regenerative cells
can easily infiltrate. Thus, we expected that our patches
should have desired features including possessing proper
elasticity, maintaining tensile strength and promoting vas-
cular remodeling. The purposes of this study were to (1)
investigate the feasibility of a blended SF/PU patch in a rat
vascular model and (2) evaluate the effects of different SF
concentrations in blended SF/PU patches on vascular
remodeling and physical properties.

2 Materials and methods
2.1 Silk fibroin/ Pellethane® patch preparation

Segmented Pellethane® was used as the PU source. To
prepare silk fibroin, 250 g of Bombyx mori cocoons were
degummed in a boiling aqueous Na2CO3 (0.02 M) solution
for 30 min. After that, the degummed fibers were
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thoroughly rinsed with deionized water at 40°C and
dehydrating was repeated 5 times. The silk fibers obtained
were rinsed with cold water and allowed to air dry. The
regenerated silk fibroin solution was dissolved in a 9M
lithium bromide solution to a concentration of 10 w/v% at
37°C for 2h (agitation speed 0-1.5h for 100 rpm and
1.5-2h for 65 rpm). Then, it was dialyzed against distilled
water for three days at 4 °C using a cellulose membrane
(MWCO 14,000) to remove lithium bromide. The dialyzed
solution was centrifuged at 4 °C and 8500 rpm for 30 min to
remove impurities and insoluble matter. The final con-
centration of the SF aqueous solution was 4-5% (w/v). To
prepare the SF sponge, an aqueous solution of SF was
diluted with distilled water 1% w/v and processed by
lyophilization.

The SF sponge and PU were dissolved in 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) solution. The HFIP solutions
of each combination of PU and SF were mixed in the
weight ratio SF/PU=10/0 (SF), 7/3 (SF7PU3), 4/6
(SF4PUG6) (w/w) respectively and stirred by a magnetic stir
bar for 12 h. After that SF/PU solutions at 6% (w/v) were
loaded into the electrospinning machine (Esprayer
ES2000S2A, Fuence Company, Japan). The conditions of
the spinning process were as follows: temperature: 25-30 °C;
relative humidity: 30-50%; distance between target and
syringe top: 10 cm; discharge speed: 12 pl/min and electric
voltage: 16—-17kV. The processing time for each sample
was 3 h. The dimensions of the patch created were 15 mm in
width, 25mm in length and 100 um in thickness. The
thickness of the patch was measured with a micrometer
(406-250, Mitutoyo Co. Ltd., Japan). In order to insolubi-
lize the nonwoven patches, they were put in desiccators at
37°C and 100% humidity for 24 h and then purified in
water for three days. After that, all patches were sterilized in
an autoclave at 121 °C for 30 min and kept in dry sterile
packages until the implantation process. The final product
was confirmed by 1H NMR 13 C and 13 C CP/MAS NMR
analysis.

2.2 Patch morphological and physical property
observations

The morphology of the electrospun patches was evaluated
by a scanning electron microscope (SEM) (JSM-6510
JEOL, Japan) and the fiber diameter was measured with
Image J (1.48, National Institutes of Health, USA). The
diameter of 50 fibers was randomly measured from SEM
images, and the average diameter and standard deviation
were calculated. For the tensile strength test, representative
patches in each ratio (n =9) were cut into 3 mm in width
and 25 mm in length segment. The edge of the specimen
was held in 15 mm length between the clamps and pulled at
a cross-head speed of 2 mm/min until break point and

analysis. We measured the retention strength with EZ-Test
(Shimadzu, Japan) in order to evaluate patch strength.
Additionally, the Young’s modulus was defined by the slope
of the stress-strain curve for elastic assessment.

2.3 Animal study design

Healthy male Sprague-Dawley rats (Charles River Labora-
tories, Japan) 3—4 months old and weighing 250-350 g were
used for the in vivo study. All rats were housed and
maintained in micro-isolator cages at 23 + 2°C and with a
12-h light/dark cycle. All procedures involving experi-
mental protocols and surgeries were approved by the Ani-
mal Care and Use Committee of Tokyo University of
Agriculture and Technology (TUAT) (Approval number:
28-79), and animal care was provided in accordance with
the “Guide for the Care and Use of Laboratory Animals”
which was established by TUAT.

2.4 Patch implantation

Three patch types (SF, SF7PU3 and SF4PUG6) were pre-
pared in an ellipse shape with 3 mm in width, 6 mm in
length and 100 um in thickness. Each type of patch was
implanted the abdominal aorta of 18 rats under a stereo-
scopic microscope (M60, Leica Microsystems, Japan). All
animals were anesthetized with intraperitoneal injection of
pentobarbital (Somnopentyl®) 50mg/kg body weight.
Heparin (100IU/kg) was administered intravenously. The
abdominal aorta was approached through a midline lapar-
otomy incision. After that, the proximal and distal portions
of the aorta were clamped with vascular clips and a trans-
verse incision of the aorta was made between the clamps.
Then, the patch was sutured to the cut edge of the aorta with
continuous 9—0 monofilament nylon sutures (BEAR Co.,
Japan). After the suture was completed, the vascular clips
were slowly removed and blood flow was restored through
the patch. Finally, orbifloxacin (VICTAS®) 0.5 mg/kg was
injected intraperitoneally before the abdomen was closed in
layers with interrupted sutures of 3-0 polyglyconate
(Maxon™, Covidien Co., U.S).

2.5 Histological studies

The animals were sacrificed at 1, 3 and 6 months after
implantation (n =6 in each group) with an intracardiac
injection of KCI 0.3 mL/rat. The patches were assessed
macroscopically and carefully removed together with the
surrounding tissue. The patches were cut transversely into
two pieces, fixed in 95% methanol for 12h, clarified in
xylene, embedded in paraffin and cut into 3-pm sections for
tissue staining. For vascular remodeling evaluation, tissue
sections were stained with hematoxylin and eosin (HE) for
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Table 1 Histological grading criteria used to evaluate the degree of chronic inflammation, foreign body reaction, and surrounding

fibroconnective tissue

Grade Chronic inflammation

Foreign body reaction

Surrounding fibroconnective tissue

0 No visible inflammation

Mild inflammation, an average of
inflammatory cells fewer than 20 cells/high
power field (HPF) HPF

2 Moderate inflammation, an average of
inflammatory cells 20-35 cells/ HPF

3 Extensive inflammation, an average of
inflammatory cells more than 35 cells/ HPF
HPF

An absence of multinucleated giant cells

Mild foreign body reaction, an average of
multinucleated giant cells less than 5 cells/

Severe foreign body reaction, an average of
multinucleated giant cells more than 10 cells/ organized fibroconnective tissue around

No fibroconnective tissue

Minimal fibroconnective tissue around
the patch

Moderate foreign body reaction, an average of Multifocal accumulation of loosely-
multinucleated giant cells 5-10 cells/ HPF

organized fibroconnective tissue around
the patch

Diffuse accumulation of densely-

the patch

inflammation, Masson’s trichrome (MTC) for collageniza-
tion, Elastica Van Gieson (EVG) for elastogenesis and Von
Kossa for calcification. For immunohistochemistry, the
primary antibodies used included: Ibal (1:50, Proteintech
Inc., USA), CD31 (1:50, Lifespan Biosciences Inc., USA)
and alpha-smooth muscle actin («-SMA) (1:100, Nichirei
Biosciences Inc., Japan); indicating the macrophages,
endothelial cells, and smooth muscle cells, respectively.
Antibody binding was detected with biotinylated secondary
antibody (Nichirei Biosciences Inc., Japan) and color
development was performed with aminoethyl carbazole for
CD31, and diaminobenzidine for a-SMA and Ibal. Finally,
nuclei were counterstained with hematoxylin solution.

Histological features of the stained specimens were
examined by light microscopy to evaluate the overall bio-
logical reactions to the patches. These were fundamental
aspects of tissue reactions, and each histological parameter
was graded from O to 3 [1, 26, 27]. The details of the
grading criteria are provided in Table 1. Additional mac-
roscopic and histologic examinations of the organs (heart,
lung, spleen, liver and kidney) of rats of all groups were
performed to evaluate the systemic toxicity of the patches
after 6 months’ implantation.

2.6 Imaging analysis

The tissue infiltration, elastogenesis, endothelialization and
neovascular tissue thickness were analyzed from MTC,
EVG, CD31 and alpha-SMA stained specimens using the
image analysis software ImageJ (version 1.44; National
Institute of Mental Health, Bethesda, USA) [27]. Three
sections of each individual sample were measured and
averaged for a total of six samples. The percentage of tissue
infiltration was calculated from the area of blue collagenous
fibers which migrated inside a patch and the total area of the
patch. This analysis was regarded as the degree of bio-
compatibility [27, 28]. In this study, biocompatible eva-
luation focused on the ability of host cells to directly
infiltrate the patch. The percentage of elastogenesis was
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measured from the area of dark purple elastic fibers beneath
the patch and the total area of neovascular tissue. Con-
sidering that the elastogenesis is important in tissue orga-
nization process due to maintain the stability and
mechanical strength of the arterial wall, this percentage
could be considered as the degree of tissue organization. In
the CD31-stained specimens, the extent of the area of
endothelial cell coverage under the patch and the length of
the stained luminal surface were measured as a percentage
of endothelialization [27, 29]. The neovascular thickness
was measured from the length of neotissue underneath the
patch (tunica media) to the innermost layers (tunica intima)
and compared with the thickness wall of six native aorta.

2.7 Statistical analysis

All data were analyzed in terms of standard error of the
mean. The statistically significant differences among patch
groups were defined using one-way analysis of variance,
followed by the Tukey’'s multiple comparisons test. A
Pearson correlation test was performed to determine the
degree of relationship between endothelialization and tissue
infiltration. Data analyses utilized the statistics GraphPad
Prism software (Version 7.0, GraphPad Inc., USA). Statis-
tical significance was considered as p-value < 0.05.

3 Result

3.1 Patches morphological and physical property
observations

SEM images of patch structure are shown in Fig. 1. All
patch types revealed a fine fiber structure. The SF and PU
were blended within each fiber and provided porosity that
regenerative cells could easily infiltrate. The average of the
fiber diameters is shown in Table 2 and the highest fiber
diameter was found in the SF patch.
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Fig. 1 SEM images show the structure of three patch types. SF a, SF7PU3 b and SF4PU6 ¢

Table 2 The average of the fiber diameters of SF and SF/PU patches
(mean =+ standard error, n = 50/patch types)

Patch types Fiber diameters

(um)
SF 1.61 +0.98
SF7PU3 1.32+0.78
SF4PU6 0.94 + 0.44°

* Compared with SF group, P <0.05
® Compared with SF7PU3 group, P < 0.05

The differences in physical properties among the three
patch types were evaluated. The stress-strain curve of the
patch was determined by a tensile test (Fig. 2). The Young'’s
modulus, the ultimate tensile strength (UTS) and the strain
at break were calculated from the stress-strain curves and
are shown in Fig. 3a, b and c, respectively. The highest SF
content patch (SF) had UTS ranging from 3.99 to 5.32 MPa,
and breaking strains from 25.68-39.75%, which were lower
than the lowest SF content patch (SF4PU6). With regard to
Young’s modulus, the SF patch had the highest values
ranging from 29.47 to 33.86 MPa, and this was significant
(p <0.001). It can be seen that as the SF content increased,
the UTS slightly decreased and the Young’'s modulus
increased indicating the stiffness of the SF patch. In addi-
tion, the strain at break showed a significant decrease with
the increase of the SF content (Fig. 3c).

3.2 Gross observations
3.2.1 Patch implantation

The SF patch was stiff and fragile when compared with the
blended SF/PU patches. During the implantation, both SF/
PU patch groups were impervious to blood leakage, but the
SF patch showed blood oozing at the anastomosis area
because it was perforated by the suture needle (Fig. 4a—c).
This problem required 3—5 min of gauze pressure to obtain
sufficient hemostasis. The average clamping time during
implantation of the SFAPU6 and SF7PU3 patches were

14 + 3 and 16 + 2 min respectively, which were shorter than
the time required for the SF patch (21 + 4 min) because their
elastic and flexible character made it easy to cut, handle and
suture them. During the experimental period, there were no
clinical complications or early postoperative deaths in any
surgical group.

3.2.2 Gross observation post-implantation

At autopsy, it was consistently found that all patches were
well merged with the native abdominal aorta and their
surfaces were covered with connective tissue (Fig. 4d—f).
After 6 months implantation, SF7PU3 and SF patches were
easily isolated from surrounding organs. In contrast, the
SF4PUG6 patch showed moderate adhesion with adjacent
abdominal organs or surrounding tissue. There was no
evidence of thrombus formation in any of the patch groups.

3.3 Histopathological examination

Representative sections of each patch were assessed for
biological reactions. One month post-implantation, HE
staining confirmed the presence of inflammatory cells
including neutrophils, lymphocytes and plasma cells in all
patch groups (Supplementary Fig. 2). Macrophage cells
surrounding the patch were detected from positive
Ibal staining (Supplementary Fig. 1). There was no sig-
nificant difference in inflammatory response among patch
groups (Table 3). However, the numbers of inflammatory
cells gradually decreased in SF7PU3 and SF patches after 3
and 6 months (Supplementary Fig. 4 and Fig. 5b—d). Con-
versely, in the SF4PUG6 patch, intense foreign body reaction
was persistently observed until 6 months (Table 3).

The extracellular matrix components, including collagen
and elastin, were evaluated from the neovascular tissue
layer grew up until 6 months post implantation. Collagen
synthesis and tissue infiltration into patches were confirmed
with MTC staining. Blue fibers were indicative of collagen
fibers whereas pink to red color represented muscle and
cytoplasm. One month after implantation, SF7PU3 and
SF4PU6 patches were surrounded by collagen. The highest

@ Springer



191 Page 6 of 14

J Mater Sci: Mater Med (2017) 28:191

a
6 -
& 4
=
(7]
[7)]
0
=
(/] 24
2
@
3
=
0-
T T T T T
0 10 20 30 40
Strain (%)
Cc

Tensile stress (MPa)
" -

SF4PU6

T T T T T

0 40 80

b ni
- SF7PU3 ——n2
n3
n4
e nb|
—_ —— n6
©
g 41 i
~ n9
(/]
(7]
o
=
(/2] 2 -
2
(7
5
'—
0 -
T T T T 1
0 20 40 60 80
Strain (%)
——nl
—— n2
n3
—— n4
n5
n6|
n7
n8
——n9
T T T T T 1
120 160 200

Strain (%)

Fig. 2 Stress-strain curve of three patch types. SF a, SF7PU3 b and SF4PU6 ¢

tissue infiltration was found inside the SF7PU3 patch
(Supplementary Fig. 2). At 3 months, all patch groups
showed an increase of well-organized collagen formation in
the neomedia layer (Supplementary Fig. 4). However, more
extensive tissue infiltration inside SF7PU3 and SF patches
was observed at 6 months post-implantation compared with
that inside the SF4PUG6 patch (Fig. 5f~h, m). EVG staining
was used to assess the area of elastic fiber, which was
represented by dark purple colors. One month after
implantation, mature elastic fiber formation was present in
all patches (Supplementary Fig. 2). Elastogenesis appeared
to be progressive up to 3 months in the neomedia layer
(Supplementary Fig. 4). Furthermore, the SF7PU3 patch
exhibited the highest elastogenesis within the elastic lamina
at 6 months (Fig. 5j-1). When the extracellular matrix of
neovascular tissue was compared with native aorta, the
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collagen deposition was similar in organization. However, a
greater quantity of collagen fibers was found in neotissue of
our blend patches (Fig. Se-h). The elastic fibers in the
native aorta appeared to have an undulating pattern while
those in our patches appeared straighter than normal
(Fig. 5i-1). To further assess the characteristics of this
straighter pattern and the density of collagen formation,
long-term observation should be conducted.
Immunohistochemical staining revealed a cellular
monolayer stained positively for CD31, representing
endothelial cell layer formation on the luminal surface. At
1 month, the luminal surfaces of SF and SF7PU3 patches
were partially covered with endothelial cells. In contrast, the
SF4PU6 patch was devoid of endothelial cells (Supple-
mentary Fig. 3). At 3 months, endothelial cells were more
prominent in all patches (Supplementary Fig. 5). Almost
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Fig. 3 Young’s modulus a; the value in SF patch is significantly
higher than the SF7PU3 and SF4PU6 patches. Ultimate tensile
strength b; the SF patch perform the lowest tensile strength. Breaking

complete endothelialization was observed in the SF7PU3
and SF patches 6 months after implantation (Fig. 6f—g). In
contrast, some parts of the luminal surface in the SF4PU6
patch were devoid of endothelial cells (Fig. 6h). In the
native aorta, a confluent layer of flattened endothelial cells
extended along the entire luminal surface similar to those in
the SF and SF7PU3 patches (Fig. 6e-g). The a-SMA
positive staining indicated smooth muscle cell (SMCs)
formation. At 1 month, all patch groups showed maturity of
SMCs. The multilayering of a-SMA positive cells was
predominant in the neomedia (Supplementary Fig. 3). Three
and six months after implantation, the thickness of SMC
layers in the SF7PU3 patch resembled that of native aorta
(Supplementary Fig. 3 and Fig. 6a, c). However, a thick
layer of SMCs was formed in the SF and SF4PUG6 patches
(Fig. 6b, d). This evidence of neotissue hyperplasia may
induce a stenotic problem in long-term implantation. The
von Kossa staining gave no evidence of ectopic calcification
in any of the patch groups throughout the study period
(Fig. 6i-1). The degree of biological reactions of the three
patch groups is summarized in Table 3.

strain ¢; the SF4PU6 patch shows the significantly highest value.
Data are presented as mean =+ standard error (n=9) (* =P <0.05,
##* = P<0.01 and *** = P <0.001)

Examination of target organs at 6 months post-
implantation yielded no evidence of severe abnormalities
that might have been caused by the implanted patches.
Macroscopic and histologic observation of organs exhibited
only minor changes (inflammatory infiltration of liver and
kidney) in two rats from the SF group. No signs of systemic
toxic effects of any patches were detected.

3.4 Imaging analysis

The results of elastogenesis, tissue infiltration, neovascular
tissue thickness and endothelialization were calculated in
the quantitative analyses. One month after implantation, the
SF and SF7PU3 patches showed significantly higher elas-
togenesis compared to the SF4PU6 patch (*P <0.05,
**P < 0.01). The highest elastogenesis was observed in the
SF7PU3 patch at 6 months after implantation (***P <
0.001) (Fig. 7a).

Concerning tissue infiltration, the SF and SF7PU3 pat-
ches exhibited significantly higher tissue infiltration com-
pared to the SF4PUG6 patch (***P < (0.001) throughout the
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Fig. 4 The perioperative images
of three types implanted patches
a—c. There was no remarkable of
blood leakage from the SF7PU3
and SF4PU6 patches b, ¢. The
SF patch showed blood oozing
at the anastomosis area a. After SF
6 months implantation, all
patches were well merged with
the native abdominal aorta and
covered with connective tissue
d-f

SF7PU3

6 mont
- T

hs post-implantation
-

Table 3 The degree of

. . . Patch types Implantation time Chronic Foreign body Surrounding fibroconnective
biological reactions from three . . . .
inflammation reaction tissue
patch groups was graded from 0
to 3. Each value represents the = g 1 month 2334021 217031 1,50 +£0.22
mean + standard error, (n = 18/
patch types) 3 months 1.50 +£0.22 1.17£0.17 2.17+£0.31
6 months 1.33+£0.42 1.50 £0.34 2.33+£0.21
SF7PU3 1 month 2.17+0.16 1.33+0.21" 1.83+0.31
3 months 1.16 +£0.30 0.50+0.34* 2.33+0.21
6 months 0.83 +0.31 0.33+0.21* 2.17+0.17
SF4PU6 1 month 2.50+0.22 2.33+£0.21° 2.00 £0.37
3 months 2.33+£0.21*° 2.33+£0.33*° 2.50 £0.22
6 months 2.83 £0.17*° 2.67 +0.33*P 2.67+0.21

* Compared with SF group, P < 0.05
® Compared with SF7PU3 group, P < 0.05

study period. At 3 and 6 months, the SF patch showed the
highest tissue infiltration rates (Fig. 7c).

The neovascular tissues of SF and SF4PU6 were sig-
nificantly thicker compared to the tissue of the SF7PU3
patch (¥**P < 0.01, ***P < 0.01) and native aorta at 1 month
after implantation (***P <0.01). At 3 and 6 months, the
SF4PUG6 patch demonstrated the highest neovascular tissue
thickness. Moreover, there was no significant difference in

@ Springer

thickness between the SF7PU3 patch and native aorta after
3 month implantation (Fig. 7b).

The endothelialization of the SF4PU6 patch was sig-
nificantly less than either the SF7PU3 or the SF patches at
1, 3 and 6 months after implantation (***P <0.01). In
addition, the SF7PU3 and SF patches exhibited almost
complete endothelialization at 6 months (Fig. 7d).
Furthermore, we found a significant positive correlation
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:6 Months Implantation

HE

MTC EVG

SF7PU3 ?

SF4PU6

Fig. 5 Histological evaluation of neovascular tissue formation at
6 months compare with native aorta. Representative images are shown
for HE staining [Native aorta a, SF b, SF7PU3 ¢, SF4PU6 d], MTC
[Native aorta e, SF f, SF7PU3 g, SF4PUG6 h], EVG [Native aorta i, SF j,
SF7PU3 k, SF4PUG6 1]. Higher magnification shows lymphocytes (black
arrow head) are characterized by mononuclear cells with a round shape,

deep basophilic and concentrically-located nucleus and plasma cells
(circle) are specified by mononuclear cells, basophilic cytoplasm and an
eccentric nucleus with heterochromatin in a characteristic cartwheel
(inset). From MTC staining, arrow indicates tissue infiltration into the
space between SF7PU3 patch fibers m. TA tunica adventitia, TM tunica
media; Asterisk—tunica intima, P patch, Arrow —tissue infiltration
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:6 Months Implantation

SF7PU3

SF4PU6

Fig. 6 At 6 months implantation, vascular smooth muscle cells and
endothelial cells are detected by using a-SMA antibody [SF b,
SF7PU3 ¢, SF4PU6 d] and CD31 antibody[SF f, SF7PU3 g, SF4PU6
h] respectively. Native aorta a, e is compared to the three patches type
b-d, f~h. Higher magnification shows the morphology of endothelial

between endothelialization and tissue infiltration into the
patch (R*=0.7525, P <0.001) (Fig. 7e).

4 Discussion

It has become necessary to develop biopolymer-based pat-

ches that satisfy the demands of tissue engineering. These
include biocompatibility, biodegradation to non-toxic

@ Springer

cells (inset). The arrows indicate the lack of endothelial cells coverage
internal lumen of the SF4APU6 patch. Von Kossa staining reveal no
evidence of ectopic calcification in all patch groups [Native aorta i, SF
j» SF7PU3 k, SF4PUG6 1]. TA tunica adventitia, TM tunica media;
Asterisk—tunica intima, P patch

products, ability to induce cell growth and proliferation,
ease of handling, and good mechanical properties, as well as
maintaining mechanical strength during the tissue regen-
eration process [25]. The physical properties of the biopo-
lymer patch are important for scaffold characterization. A
previous study demonstrated that the Poly(lactic acid) and
Poly(lactic-co-glycolic acid), which have modulus of elas-
ticity values over 1.1 GPa, are not suitable for soft tissue
reconstruction [30]. The production of softer and more
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Fig. 7 The results of histopathological quantitative analyses of three
types of patches. The percentage of elastic fiber formation a, neo-
vascular tissue thickness b, tissue infiltration ¢ and endothelialization d
were evaluated at 1, 3, and 6 months after implantation. Data are

flexible biopolymer may increase the chance for soft tissue
regeneration and augmentation [25]. In this study, with
increasing PU concentration, the modulus of elasticity value
significantly decreased from 31.75 to 9.54 MPa. Addition-
ally, the breaking strain of our blended patches significantly
increased from 32.87% to 128.38% with decreasing silk
content. This indicated that the mixture of SF and PU
biopolymer was more flexible than pure SF. In this study,
we expected that our SF/PU patches would replicate the
mechanical properties of native blood vessel ideally to
maximize patency. We found that our blended patch sup-
ported basic mechanical properties of vessel in two points.
Firstly, the SF/PU patch possessed elasticity for efficient

presented as mean =+ standard error (n = 18/patch types) (* = P < 0.05,
** =P <0.01 and *** = P <0.001). There was a significant positive
correlation between endothelialization and tissue infiltration into the
patch (R* =0.7525, P < 0.001) e

pulsatile blood flow and improved handling which helped
decrease surgical time required during implantation.
Nevertheless, the Young moduli of native rat abdominal
aorta and human aorta are lower than our SF/PU patches
[31, 32]. Therefore, in the future, we aim to improve the
elasticity of patch so that it resembles that of native blood
vessel. Secondly, our blended patches are able to maintain
tensile strength sufficient to withstand arterial pressures
without vascular rupture. The UTS of the SF/PU was
greater than the UTSs of normal rat descending thoracic
aorta and human ascending aorta in both circumferential
and longitudinal strength [33, 34]. Therefore, the risk of
vascular rupture is decreased because the mechanical
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stresses acting on the vessel do not exceed the strength of
the wall tissue. However, further study should concern the
mechanical aspects of patches after long-term implantation.
With regards to limitations of this study, we could not use
pristine PU as a control because pure PU and patch blends
with high PU concentrations melted and lost their structure
when autoclaved. Therefore, an appropriate sterilization
technique which would not affect PU structure, such as
gamma radiation, should be selected.

As for biological evaluation, both SF and SF7PU3 pat-
ches revealed significantly higher tissue infiltration than the
SF4PU6 patch throughout the study period. As shown in
several studies, an outstanding property of SF is its ability to
promote tissue infiltration, making it a promising scaffold
material for tissue engineering applications [6, 12, 13].
Therefore, we hypothesized that increasing the SF content
in the SF/PU patch had an effect on tissue migration.
Additionally, the inflammatory response in the SF7PU3
patch also disappeared earlier and the remodeling stage was
completed after 3 months. This remodeling refers to
alterations in the cellular process including proper SMCs
regeneration, extracellular matrix formation and endothe-
lialization, all of which resembled that of the native vessel
[35]. Generally, the tissue remodeling will be completed
when the inflammatory stimulus is removed during the
healing process [36]. The SF4PU6 patch manifested the
highest degrees of foreign body reaction. These results
seemed attributable to the higher ratio of PU. The soft
segment of PU polymer is susceptible to oxidative reaction
and it may contribute to the phagocytic engulfment and
macrophage migration. This reaction is oxygen dependent
in that superoxide anions, hydroxyl radicals and hydrogen
peroxide are released by macrophage in response to the PU
degradation process [36, 37]. Generally, the in vivo bio-
compatibility assessment involves the assessment of the
presence of inflammatory cell, predominantly macrophages,
since they can play a critical role in tissue healing process.
Therefore, the SF7PU3 patch was characterized as the
biocompatible scaffold effects that promote tissue infiltra-
tion and anti-inflammatory reaction.

SMCs are the predominant cells in the arterial wall and
are essential for the structural and functional integrity of the
neovessel. An appropriate migration and proliferation of
SMCs is desired in our patches, aiming to obtain a wall
thickness similar to that of native vessels. Several studies
have shown that the excessive proliferation of SMCs,
causing vascular wall thickening can lead to stenosis com-
plications for mid- to long-term vascular graft [38, 39] and
the compliance mismatch between native vessels and
implanted grafts is considered one of the main causes of
SMC hyperproliferation [40]. In this study, the thickness of
neotissue in the media layer of the SF and the SF4PU6
patches was significantly higher than the native aorta
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3 months after implantation. On the other hand, the SF7PU3
patch demonstrated wall thickness nearly that of the native
aorta. We speculate that these results were due to the per-
sistence of foreign body giant cells surrounding the SF and
SF4PUG patches. A previous study revealed that there was a
positive correlation between vascular wall thickness and
macrophage infiltration [41]. The excessive macrophages
induced many cytokines and growth factors that facilitate
vascular SMC proliferation [42]. Therefore, the inflamma-
tory response to the implanted patch is one of the crucial
factors to overcome to limit vascular stenosis and occlusion.

In vascular reconstruction, elastic fibers are the main
extracellular matrix component in the arterial wall. The
elastic laminae contribute to the mechanical strength,
structural stability and elasticity for maintaining blood
pressure with various hemodynamic stresses during the
cardiac contraction [43—45]. In this study, elastic fibers were
presented in all patch groups within 1 month. This is likely
to due to the properties of SF which accelerate tissue
remodeling at an early stage after implantation [27]. Sur-
prisingly, elastogenesis in the SF patch was disorganized
and lower than that in the SF7PU3 patch at 6 months after
implantation. Theoretically, the SF patch should have had a
more histotrophic character and should have induced more
cell migration compared to the SF7PU3; however, the
SF7PU3 patch showed more elastogenesis. It is possible
that persistent of macrophage cells in the SF patch had a
relationship with elastogenesis. Several studies have
revealed that a chronic inflammatory response to an
implanted device may interfere with tissue remodeling
[36, 46]. Moreover, macrophages contain and secrete pro-
teolytic enzymes such as elastase that could promote elas-
tolysis and destroy the extracellular matrix [47]. Therefore,
hypo-elastogenesis in vascular remodeling is considered a
critical problem that reduces the strength and elasticity of
the arterial wall.

After graft implantation, the considerable function of
endothelium possessed anti-thrombotic activities [48]. In
this study, complete endothelialization was observed in the
SF7PU3 and SF patches after 6 months. Oppositely, the
SF4PU6 patch revealed that some parts of luminal surface
lacked endothelial cell coverage. The incomplete endothe-
lialization may be related to less tissue infiltration into the
SF4PUG6 patch; in fact throughout the 6 months of vascular
remodeling, we found a significant positive correlation
between endothelialization and tissue infiltration into the
patch (R*=0.7525, P <0.001). This hypothesis is sup-
ported by the findings of previous studies showing that
tissue infiltration into a vascular graft will stimulate the
settlement of endothelial cells [39, 49, 50] and that endo-
thelialization influences vascular remodeling through cyto-
kine secretion and growth-regulatory molecule formation to
maintain the collagen basement membrane [51].
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Additionally, due to the property of SF in tissue affinity,
increasing the SF content in the blended SF/PU patches
could be conducive to endothelialization in the early stages
after implantation [27]. This finding may be a key to suc-
ceeding in the development of cardiovascular patches.
From this study, it seems that the SF7PU3 patch satisfies
some requirement to develop a novel patch. These include
the ability to facilitate tissue proliferation, biocompatibility
and proper handling. Moreover, it showed a superior anti-
calcification property when compared with commercial
prosthetic patches like PTFE and PET [52-54]. However,
there was no evidence of patch degradation throughout the
6 month experimental period. The long-term observation and
degradation testing should be conducted. Additionally,
because of moderate tissue invasion inside our blended SF/
PU patches and uncertain degradation time, further studies
should investigate new strategies that can accelerate the
process of degradation and improve the tissue infiltration.
This may be achieved by modifying the patch structure
[49, 50] or bioactivating the patch through consolidation with
tissue growth factor [41]. Furthermore, we hope to modify
SF/PU patches for applying to the cardiac implantation
model. This will be important in determining the potential of
our blend SF/PU patches in cardiac function and remodeling.

5 Conclusion

In conclusion, an increase of SF concentration in the SF/PU
patch had effects on the tissue infiltration, endothelialization
and physical properties. Moreover, the SF7PU3 patch is the
most suitable blend, based on the characteristics of suffi-
cient practical strength and elasticity, less inflammation,
proper SMC formation, complete endothelialization, high
tissue infiltration and elastogenesis. Our findings demon-
strate that this blended patch might be an attractive alter-
native in vascular reconstruction and could induce the
growth of a neo-artery composed of tissue present in native
healthy artery.
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