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Accelerated tissue regeneration in decellularized
vascular grafts with a patterned pore structure
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Decellularized tissue is expected to be utilized as a regenerative scaffold. However, the migration of
host cells into the central region of the decellularized tissues is minimal because the tissues are mainly
formed with dense collagen and elastin fibers. This results in insufficient tissue regeneration. Herein, it is
demonstrated that host cell migration can be accelerated by using decellularized tissue with a patterned
pore structure. Patterned pores with inner diameters of 24.5 + 0.4 um were fabricated at 100, 250, and
500 pum intervals in the decellularized vascular grafts via laser ablation. The grafts were transplanted into
rat subcutaneous tissue for 1, 2, and 4 weeks. All the microporous grafts underwent faster
recellularization with macrophages and fibroblast cells than the non-porous control tissue. In the case
of non-porous tissue, the cells infiltrated approximately 50% of the area four weeks after transplantation.
However, almost the entire area was occupied by the cells after two weeks when the micropores were
aligned at a distance of less than 250 pm. These results suggest that host cell infiltration depends on the
micropore interval, and a distance shorter than 250 um can accelerate cell migration into decellularized

rsc.li/materials-b tissues.

1. Introduction

Decellularized blood vessels have been developed as an extra-
cellular matrix for tissue-engineered vascular grafts.™* The graft
is expected to be infiltrated by the host cells after transplanta-
tion and regenerate the vascular tissue in the host body.?
However, a major limitation of the use of acellular scaffolds
is that cell ingrowth is restricted by the dense fibril microenvir-
onment (collagen, elastin, and glycosaminoglycan).* When host
cells migrate into the acellular tissue, the matrix is degraded by
immune cells such as macrophages and T helper 2 cells.>® The
long-term accumulation of excess inflammatory macrophages
induces serious immune rejection and incomplete
regeneration.®” Given these considerations, rapid infiltration
of host cells into the decellularized tissue would be a very
effective strategy for tissue regeneration and suppression of
undesirable inflammatory reactions.

To this end, porous scaffolds have been investigated. In the
case of polyurethane (PU) vascular grafts, methods of
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fabricating perforated scaffolds and the in vivo response have
been reported by many groups.®*° Doi et al. demonstrated that
a PU graft with a pore size of 100 pm, combined with growth
factor, accelerated perianastomotic and transmural tissue
ingrowth.’® The immune response and in vivo migration of
cells to porous scaffolds have been investigated using an
electrospun vascular scaffold.">'* Wan et al. reported that the
pore size and scaffold thickness in the electrospun scaffold
regulated the macrophage phenotype and remodeling
process.™" In the case of synthetic polymer scaffolds, the pore
size and distribution can be easily controlled. In contrast,
investigations of the porous structure of decellularized vascular
scaffolds are limited. Vascular tissue perforated by micro-
needling was reported to retain the cells inside the graft wall
with a hydrogel.»** In this case, the pore sizes and intervals
were not well controlled. Bergmeister et al'® developed a
decellularized vascular graft with controlled pores of 50 um
in diameter using a Ti-sapphire laser. Rapid recellularization
was confirmed at six weeks. Although controlled pore struc-
tures in decellularized vascular grafts have been reported, the
effect of the patterned pore structure in decellularized vascular
grafts on cell infiltration, macrophage response, and tissue
regeneration in vivo has not been investigated.

In our previous study, we developed a peptide-modified
acellular graft.'®™*® The graft (length: 20-30 cm; inner diameter:
2 mm), was transplanted into the femoral artery of minipigs as
a bypass graft, and the graft patency was successfully
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demonstrated."® In this experiment, the luminal surface of the
graft was covered with cells one week after transplantation.
Although the cell layer formed stably at three weeks after
transplantation, cell infiltration into the medium layer of the
graft was minimal during the experimental period.

In this study, we employ a femtosecond laser ablation
process for fabricating patterned pore structures in decellular-
ized vascular grafts. It is hypothesized that the patterned pore
structure can improve cell migration and tissue regeneration in
decellularized tissues. Using the laser ablation process, micro-
pores with controlled pore sizes and intervals are fabricated on
the luminal surface of the graft. The vascular grafts are trans-
planted into rat subcutaneous tissues, and the cell migration
and macrophage responses are evaluated. It is demonstrated
that patterned pore structures with intervals smaller than
250 um accelerate cell infiltration and tissue regeneration.

2. Experimental
2.1 Decellularized tissue

Ostrich carotid arteries (African black, Shimizu-Laboratory
Supplies Co., Ltd, Kyoto, Japan) were purchased from Shimidzu
Experimental Animal (Kyoto, Japan). Decellularization was
accomplished using previously reported procedures.'® Briefly,
the ostrich carotid artery was decellularized with high hydro-
static pressure (HHP) using a cold isostatic pressurization
machine (Dr Chef; Kobelco, Kobe, Japan). The pressure was
increased to 980 MPa at a rate of 65.3 MPa min~" and then
maintained within the chamber for an additional 10 min. After
pressure treatment, the tissues were washed with saline con-
taining 40 U ml~" of DNase I (Roche Applied Science, Indiana-
polis, IN, USA), 20 mM MgCl,, and antibiotics for 3 d at 37 °C.
After washing, the tissue was immersed in saline containing
ethylenediaminetetracteic acid (EDTA) and antibiotics for 3 d at
37 °C to remove the remaining DNase I. After changing the
solution, the decellularized tissue was preserved in the same
solution until experimental use.

2.2 Fabrication of patterned pore structure

Three types of patterned pore decellularized grafts were pre-
pared for in vivo evaluation (Fig. 1). Decellularized tissue with
respective lengths of 1.0 and 0.6 cm was fixed on the silicon
plate. The fixed tissues were immersed in 50, 70, 80, 90, 95, and
100% EtOH aqueous solution for water deprivation (dehydra-
tion). After replacing the solvents in which the tissues were
immersed with ¢-butyl alcohol, the tissues were lyophilized and
are hereinafter referred to as NP-grafts. The patterned pore
structure was fabricated using a femtosecond laser micronano-
machining system (Tokyo Instruments Inc., Tokyo, Japan). For
the fabrication process, the laser power, pulse width, wave-
length, and working distance were tuned to 650 mW, 300 fs,
1028 nm, and 83 pw, respectively. Other settings and fabrica-
tion conditions were in accordance with the manufacturer’s
instructions. After micropore fabrication, the tissues were
immersed in 100, 95, 90, 80, 70, and 50% EtOH solution for
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Fig. 1 Schematic representation of in vivo cell infiltration of pore-
patterned decellularized vascular graft using rat subcutaneous transplan-
tation model. (a) Laser ablation process applied to decellularized vascular
graft, (b) the grafts were transplanted into rat subcutaneous tissue.

20 min under each condition. Finally, the tissue was immersed
in a saline solution for 20 min to replace the solvent. The pore-
patterned grafts with pore intervals of 500, 250, and 100 pm are
referred to as P500-, P250-, and P100-graft, respectively. The
rehydrated tissues were preserved at 4 °C until further use.

2.3 SEM images

The morphology of the patterned pores was observed by scan-
ning electron microscopy (SEM; JCM-5700, JEOL Ltd., Tokyo,
Japan). To prepare the samples for SEM observation, the
samples were fixed with 1% glutaraldehyde solution (Wako
Pure Chemical Industries, Ltd, Osaka, Japan). The samples
were dehydrated with ethanol, immersed in ¢-butyl alcohol,
and dried under vacuum. The luminal surface was coated with
a gold layer in an ion coater (IB-3 ion coater, Eiko Engineering,
Ibaraki, Japan) and observed using a JCM 5700 microscope.

2.4 Transplantation

All animal experiments were conducted in accordance with the
Guidelines for Animal Experiments established by the Ministry
of Health, Labor, and Welfare of Japan and by the National
Cerebral and Cardiovascular Center Research Institute in
Japan. The protocol was approved by the Committee on the
Ethics of Animal Experiments of the National Cerebral and
Cardiovascular Center Research Institute (Permit Number:
009017). Male Sprague Dawley rats (7 weeks old; Japan SLC,
Inc., Shizuoka, Japan) were anesthetized with 2.5% isoflurane
(Pfizer Japan, Tokyo). Tissue samples with areas of 1.0 and
0.6 cm” were subcutaneously transplanted (n = 3). The luminal
surface of the tissues was placed in contact with the muscle
layer, and the grafts were sutured at the edge with 6-0 Prolene
(Ethicon, Somerville, NJ). The samples were extirpated at one,
two, and four weeks after transplantation.

2.5 Histostaining

The cell infiltration depth and area of infiltration into the graft
were evaluated by hematoxylin and eosin (HE) staining and
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immunobiological staining. The specimens were fixed with
10% neutral-buffered formalin solution and immersed in a
20% sucrose solution. The specimens were then embedded in
Tissue-Tek O.C.T compound (Sakura Fineteck, Tokyo, Japan)
and frozen in liquid nitrogen. Frozen sections with a thickness
of 7 um were obtained using a Leica CM1860 cryomicrotome
(Leica Biosystems Nussloch GmbH, Germany). Eosin and
hematoxylin solutions were purchased from Fujifilm Wako
Chemical (Tokyo, Japan), and staining was carried out accord-
ing to the manufacturer’s instructions.

The infiltration of macrophage and fibroblast cells was
evaluated by staining with anti-CD68 and anti-P4HB antibo-
dies, respectively. The sections were immersed in 95% EtOH
solution for 30 min at 4 °C. A heat-mediated antigen-retrieval
technique in which the sample was incubated and boiled for
20 min in 0.01 M citrate buffer at pH 6.0 was used. After
cooling, the sections were washed with Tris-buffered saline/
Tween 20 (TBST), pH7.4 and with phosphate buffered saline
(PBS). The primary antibodies for the macrophages and fibro-
blasts were mouse anti-rat CD68 (Gene-Tex, San Antonio, TX,
USA) at 1:500 dilution in PBS, and anti-PAHB antibody (Acris
Antibodies GmbH, Hiddenhausen, Germany) at 1:200 dilution
in PBS, respectively. Simple Stain Rat Max-PO (Nichirei
Bioscience Inc., Tokyo, Japan) was used as the secondary anti-
body. The tissues were immersed overnight with primary anti-
bodies at 4 °C. After washing with TBST, the tissues were
immersed in the secondary antibody for 30 min, followed by
incubation with horseradish peroxidase solution (VectorStain
ABC kit, Vector Laboratories, Inc., Burlingame, CA) for 30 min
at 37 °C. Diaminobenzene was applied to detect positively
stained cells, and the slides were counterstained with
hematoxylin.

2.6 Quantification of cell infiltration area

The cell infiltration depth and area were quantified by hema-
toxylin and eosin staining. The area was analyzed using Image]
software (ver 1.5i)."° The image size of 636 um in length and
849 um in width were evaluated. The medium layer of the
transplanted graft was traced as the dotted white line. The
edges of the infiltrated cells were traced as the dotted yellow
line. The direct distance between the borderline of the medium
layer at the muscle layer side and the edge of the infiltrated
cells was measured as the cell infiltration distance. The cell
infiltration depth is defined as the ratio of the cell infiltration
distance to the medium layer thickness. The cell migration area
into the medium layer was calculated, then the cell infiltration
area is defined as the ratio of the area migrated by cells to the
area of the medium layer. The average and standard deviation
of the ratio were calculated from the three images in each
sample.

2.7 Statistical analysis

The quantitative data are expressed as the mean + standard
deviation. The data were analyzed using one-way ANOVA,
followed by Tukey’s honest significant difference post hoc test
assuming equal variance.
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3. Results

3.1 Morphology of patterned pore structure

The patterned pore structure in the decellularized tissue was
observed by SEM (Fig. 2a-c). The pores were aligned with
constant intervals, and the diameter was 24.5 + 0.4 um
(Fig. 2d and e). These images indicate that laser ablation of
the decellularized tissue resulted in minimal thermal stress,
enabling the fabrication of a controlled pore structure. When
the laser power and pulse width in the fabrication process were
not optimized, the edge of the micropore was denatured by
thermal stress (data not shown). The depth of the pore was
approximately 200 pm, and the media layer of the graft was
completely penetrated (Fig. 2f).

3.2 Graft transplantation

The grafts were transplanted into the subcutaneous tissues of
rats. After one, two, and four weeks, the grafts were observed
(Fig. 3). In all cases, microvascular networks developed around
the graft up to two weeks after transplantation (Fig. 3a and b).
After four weeks, the microvessel number was clearly decreased
only in the case of the P250- and P100-grafts, as compared with
the other grafts (Fig. 3c).

3.3 Effect of patterned pore structure on cell infiltration

The cell infiltration into the patterned pore-decellularized graft
was evaluated. The transplanted grafts were stained with hae-
matoxylin and eosin (Fig. 4).

In the case of the NP-graft, a few cells were shallowly
infiltrated into the media layer of the graft at one week. Four
weeks after transplantation, half of the medium layer was
occupied by the infiltrated cells, and the cells reached only
half the depth of the medium layer. In contrast, the patterned
pores in the P100-, P250-, and P500-graft were occupied with
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Fig. 2 Patterned pore structure in decellularized vascular graft. (a—c) SEM
images of patterned pore structure on luminal surface of decellularized
vascular graft. The intervals of the pores in P500-, P250-, and P100-graft
were set as (a) 500, (b) 250, and (c) 100 pm, respectively. (d) Measured
intervals of the patterned pores in P100-graft, P250-graft, and P500 graft
are indicated. The data indicates the average (n = 10) 4+ S.D. Asterisks
indicate a significant difference (p < 0.01). (e) Top-view of the pore as
observed by SEM. (f) Cross-sectional image of micropore in decellularized
vascular graft. The tissue was stained by HE. Asterisk indicates the luminal
side.
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P250-graft

Fig. 3 Gross appearance of transplanted grafts on the subcutaneous
tissue. NP, P100, P250, and P500-grafts were transplanted to subcuta-
neous tissue of rats for (a) 1, (b) 2, and (c) 4 weeks. The dotted yellow line
indicates the transplanted grafts.

P100-graft |

Fig. 4 HE staining images of pore-patterned decellularized vascular graft.
(@) 1, (b) 2, and (c) 4 weeks after transplantation. M indicates the muscle
layer side. Scale bars indicate 200 pum. The dotted yellow line indicates the
edge of the migrated cells in the medium layer.

cells one week after transplantation. After two and four weeks,
the cells at the pores moved in the circumferential direction,
and the medium layer of these grafts was occupied by the cells.
In the case of the P100-graft, the overall area of the medium
layer was replaced by the host cells.

The cell infiltration depth and area were quantified as a
function of the transplantation duration (Fig. 5).

In the case of the NP-graft, the medium layers were gradually
replaced by the host cells, and the cells infiltrated from the
luminal layer to a depth of 15% to 48% of the medium layer
thickness 1 to 4 weeks after transplantation, respectively. The
cell-infiltrated area at the medium layer also increased from
12% to 50% after one- and four-week transplantation, respec-
tively. These results indicate that four weeks were required to
replace almost half of the medium layer by the host cells in the
case of the non-porous grafts.

In the case of the P100-, P250-, and P-500-grafts, the cells
migrated 70% to 84% from the luminal surface to the outer side
via the pores one week after transplantation. The cells then
gradually moved and reached the external elastic membrane
after four weeks. In contrast, the cell-infiltrated area was

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Cell infiltration depth and infiltration area for pore-patterned
decellularized graft. (a) Cell infiltration depths in NP, P100, P250, and
P500-grafts are indicated as filled, hatched, grey, and open bars, respec-
tively. The grafts were transplanted for 1, 2, and 4 weeks. (b) Cell infiltration
area vs. transplantation time. The image size of 636 um in length and
849 pum in width were used for the calculation of cell infiltrating depth and

area. The average and standard deviation of the ratio were calculated from
the three images in each sample.
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weeks

dependent on the pore intervals. The infiltrated area gradually
increased in the P500-graft, and reached almost 80% after four
weeks. In the case of the P250- and P100-grafts, the infiltrated
area reached a plateau after two weeks.

3.4 Host cell response

The response of the host tissue to the pore-patterned graft was
evaluated by immunostaining with anti-CD68 and anti-P4HB
antibodies, which were used as markers for macrophage and
fibroblast cells, respectively. In the case of the NP-graft, few
CD68 positive cells were present in the cell-infiltrated area at
one week. Thereafter, the number of cells increased, and many
CD68-positive macrophages accumulated four weeks after
transplantation (Fig. 6). In contrast, many CD68 positive cells
were observed in the P-500 graft one week after transplantation.
Although many cells were observed after two weeks, the num-
ber of cells decreased significantly at four weeks. In the case of
the P250 and P100-grafts, few CD68 positive cells were observed

CD68

NP-graft

P100-graft P250-graft P500-graft

Fig. 6 Macrophage and fibroblast response to pore-patterned decellu-
larized graft. The grafts were transplanted for 1, 2, and 4 weeks. Fibroblast
cells and macrophages were stained with anti-P4HB and anti-CD68
antibodies, respectively. M indicates the muscle layer side. Scale bars
indicate 200 pm. The dotted yellow line indicates the edge of the migrated
cells in the medium layer.
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at one week. The number increased significantly at two weeks.
Four weeks after transplantation, very few CD68-positive macro-
phages were observed in these tissues.

The accumulation of fibroblast cells was evaluated by anti-
P4HB antibody staining. At two weeks, many cells in the cell
infiltrating area expressed the PAHB marker in all cases. In the
case of the NP-, P500- and P250-grafts, the expression in the
central region of the cell-infiltrated area was weak at four
weeks. Four weeks after transplantation of the P100-graft, very
few P4HB positive cells were observed in the cell-infiltrated
areas. In contrast, numerous P4HB positive cells were observed
in the NP-graft at four weeks.

4. Discussion

Decellularized tissue scaffolds are expected to be biodegradable
matrices. However, acellular tissues are formed with dense
connective tissues, such as collagen and elastin. Matrix degra-
dation and replacement with host cells is largely restricted by
the structure. Herein, the prospective of cell migration to a
pore-patterned decellularized vascular graft and rapid tissue
regeneration were investigated. It has been reported that per-
forated skin,?®?* nerves,”**® trachea,® temporomandibular
joint discs,” and bone grafts*® have been fabricated on col-
lagen and decellularized scaffolds. These data suggest that cell
migration and tissue regeneration are improved by micro-
porous structures. However, few studies have evaluated the
effect of a patterned pore structure on cell infiltration and
macrophage response in acellular grafts. In this study, a
patterned pore structure was fabricated in a decellularized
vascular graft by the femtosecond laser ablation process, and
the in vivo cell migration and macrophage response were
evaluated.

It is difficult to fabricate controlled micropores in acellular
tissues because of the soft materials. Microneedling or laser
perforation techniques have been used for fabricating micro-
pores on naturally-derived scaffolds.”**>?” Microneedling is
easy to handle, and micropores can be fabricated along the
long-axis direction of the vascular grafts.”® The major advan-
tage of this process is that cell and/or growth factors are
delivered to the inside of the decellularized tissue through
the needle. However, it is difficult to fabricate fine and aligned
porous structures in acellular tissues by needling. In contrast,
the machine-assisted laser fabrication process is highly super-
ior for fabricating size- and interval-controlled micropores in
tissues. Zhou et al. fabricated a porous decellularized trachea
scaffold using laser fabrication techniques.>**® They success-
fully fabricated pores with a diameter of 810 um evenly in the
decellularized trachea at intervals of 1 mm.** Decellularized
vascular grafts having laser-machined micropores with a dia-
meter of 50 um and a density of 50 pores cm > have been
reported."® Therefore, laser processing techniques for fabricat-
ing pores are promising for improving cell migration and rapid
tissue remodeling. Herein, patterned pore structures with small
diameters and uniform intervals were successfully fabricated in
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decellularized vascular grafts using femtosecond laser ablation
(Fig. 2). The patterned pore structure with a two-dimensional
distribution is a desirable matrix for controlling recellulariza-
tion and tissue regeneration.

The immune response of the host to biological scaffold
materials is different from the response to synthetic materials
and depends on the origin of the tissue and fabrication
process.” It has been reported that the host response to
decellularized tissue is active until approximately two weeks
after transplantation.® Herein, microvessel accumulation was
observed around the graft, and the degree and duration were
largely dependent on the patterned pore structure up to four
weeks (Fig. 3). After four weeks of transplantation, the micro-
vessels clearly receded only in the case of the P250 and P100-
graft. In the acute immune response, the macrophages
accumulate around the graft and secrete some cytokines.
Following this reaction, the major response mainly switches
to the fibroblast accumulation. In this study, the macrophage
and fibroblasts were evaluated for evaluation of major immune
response. As shown in Fig. 5b, the cell infiltrated area in the
P250 and P100-grafts reached a plateau at two weeks, and the
number of CD68 positive cells decreased significantly at four
weeks (Fig. 6). These data indicate that the acute immune
response can be rapidly stabilized by accelerating host cell
migration through the patterned pore structure. Juran et al.
reported that engineered micropores with a diameter of 120 pm
enhanced cellular integration in the deep part of decellularized
tissue.>® It was reported that perforation of the decellularized
trachea and pericardial tissue improved the cell adherence
rate.?®?® The present study also confirmed rapid infiltration
of host cells into the central region of the graft (Fig. 4 and 5a).
Although cell migration and adhesion in perforated decellular-
ized tissue have been discussed by some groups, the acute
immune response to the patterned pore structure in decellular-
ized tissues has been scarcely discussed. From the present data
and prior studies, it is deduced that cell accumulation can be
controlled not only by the pore size, but also by the intervals of
the micropores. Thus, tissue regeneration could be rapidly
improved without excessive inflammatory reaction. On the
other hand, it was reported that the micropores affect the
mechanical properties of the graft. Kasyanov et al. suggested
that the mechanical properties of the decellularized tissue have
not changed after perforation with a diameter of 50 um in the
case of 714 pm in micropore interval. However, the mechanical
properties were largely decreased when the graft was perforated
with a diameter of 100 pm and/or a shorter interval."* There-
fore, it would be important to select the appropriate diameter
and distance of the micropores for not only the tissue regen-
eration but also the preservation of desirable mechanical
strength.

The effect of the micropore size on cell infiltration and macro-
phage polarization has been reported using synthetic polymer
scaffolds. Lee et al. reported that rapid cell infiltration in micropore
structures with diameters of 50, 100, and 200 pm drastically
increased the M2 macrophages, as well as overall cell
infiltration.®® In the developed system, macrophage accumulation
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subsided due to cell infiltration, suggesting that rapid cell infiltra-
tion in decellularized tissue is also desirable for promoting tissue
regeneration. Wang et al. reported that the micropore size con-
trolled the macrophage polarization, and pores with a diameter of
30 pm induced infiltration of a large number of M2 macrophages
into the electrospun scaffold."" Christman et al. suggested that the
pore size affected the macrophage response,*” and tissue repair was
promoted by pores with a diameter of 30-40 um.** We tried to
control the micropore diameter of 30 to 40 pm. As a result, the
diameter of 24 pm in the decellularized vascular graft was most
suitable in terms of reproducibility and fewer damages to the
tissues. In the present experiments, the pore size of the decellular-
ized tissue was controlled at 24 um, and rapid cell infiltration and
reduction of the CD68 positive cells were observed in the patterned
pore structure. These reports and the present findings suggest that a
patterned pore structure with a pore diameter of 24 pm and
intervals of 100-250 um may be optimal for recellularization and
tissue regeneration in decellularized grafts. Genetic evaluation
would be very useful for understanding macrophage polarization
and the phenotype of the infiltrating cells. This research did not
mention macrophage polarization in detail, which is a limitation of
the study. Nevertheless, it was very meaningful that optimal tissue
regeneration in decellularized tissue can be controlled by not only
the micropores, but also the intervals. Further studies are required
in the future.

5. Conclusion

The results of this study suggest that the patterned pore
structure enabled rapid infiltration of host cells into the
decellularized vascular graft, and the acute immune response
was rapidly silenced. These features are important findings in
accelerating tissue regeneration for tissue-engineered vascular
grafts.
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