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Abstract Decellularized human umbilical arteries (dHUA)

is an off-the-shelf graft that can potentially serve as vascular

scaffolds in tissue engineering of small-diameter vascular

grafts. This research aimed to investigate that dHUA could

exhibit adequate endothelialization for a long term in

xenogenic transplantation. 13 dHUAs were implanted in

rat abdominal aortas up to 90 days. Rats were divided into

three groups in terms of survival period: Group 1, one to

seven days (n = 6); Group 2, 14 to 30 days (n = 4) and

Group 3, 90 days (n = 3). The explants were analyzed by

histological, immunohistochemistry and magnetic resonance

angiography (MRA) examination. Allograft implantation

of 12 decellularized rat abdominal aortas` were processed

the same way as the rat in order to make a comparison for

survival rates (Group 1, n = 5; Group 2, n = 4; Group 3, n =

3). The results demonstrated that the survival rates of

xenograft and allograft implantation were estimated to be

59.2% vs. 58.3% in Group 1, 50.7% vs. 58.3% in Group 2

and 3. Grafts harvested from Group 2 were showed CD31,

endothelial nitric oxide synthase expression at intima, and

α-smooth muscle actin, CD45, CD68 and CD168 expression

at the tunica externa. A layer structure with obvious endo-
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thelialization and fiber regeneration/orientation could be

inspected from the explants of Group 3. MRA demonstrated

the patency of dHUA on day 30 and 90. In conclusion, more

than 50% dHUA maintained patency in the xenogenic model

till 90 days after surgery. A mature vessel-like functional

structure with intact endothelial layer was observed then.

This warrants further study in the reinforcement of

decellularized vascular scaffolds. 

Keywords: decellularization, human umbilical artery,

xenogenic implantation endothelialization, magnetic resonance

angiography

1. Introduction

With the urgent demand for biocompatible scaffold by tissue

engineered vascular graft development, the potential of

decellularized vascular graft has been proved in preclinical

studies [1-4]. However, several clinical challenges such as

thrombosis, intimal hyperplasia, aneurysm, rupture, immune

rejection and calcification hinder its broad clinical

applications. The mechanism associated with these sequelae

in decellularized vascular graft is complicated and interrelated

[5]. Improper decellularization protocol, immune response,

and inflammatory reaction are thought to contribute to the

failure mechanism. Suboptimal decellularization could result

in structural instability and compliance mismatch, owing to

microstructural alteration [6]. The inflammatory reaction

against decellularized vascular scaffold in vivo is also

thought to lead to graft failure.

 The initial concern centers on the rejection reaction while

using animal tissues as resources for decellularized scaffolds.

However, current tissue processing methods can remove

most antigens that induce host immune response toward

extracellular matrix (ECM) scaffolds. A study evaluating

biocompatibility in a dog model showed revitalization of

the decellularized bovine scaffold (SynerGraft) with host

smooth muscle cells, without aneurysm formation at 10-

month follow-up [7]. Gui et al. [8] found that decellularized

umbilical arterial scaffolds treated with CHAPS and sodium

dodecyl sulfate (SDS) showed confluent endothelialization

and significant smooth muscle cell infiltration in a nude rat

model; however, some intimal hyperplasia was still noted

after 8 weeks of implantation [8]. While reports have

demonstrated aneurysm formation using SynerGraft for

lower limb vascular bypass surgery, the histological

examination of the explanted SynerGraft did not suggest

hyper-acute immune response to the xenograft but simply

an inflammatory response [9].

 Incompetent mechanical properties of decellularized

vascular scaffolds could also lead to dilatation or aneurysm

formation. It has been shown that compliance of de-

cellularized vascular scaffolds higher than native vessels

dilates under pulsatile circulation [10]. Aneurysm formation

could increase the risk of thrombosis and vessel rupture

[11]. Tissue damage during decellularization or inflammatory

degradation of scaffolds after implantation can result in

changes in mechanical properties. Furthermore, the enzyme

or detergents used for decellularization could lead to loss of

collagen, elastin, and glycosaminoglycans, thereby impairing

structural integrity [6]. After implantation, inflammation-

mediated degradation of scaffold proteins by metallo-

proteinases (MMPs) can lyse major fibrous structures,

weakening the scaffolds and leading to progressive aneury-

smal dilatation [12].

 We recently attempted to develop a decellularized human

umbilical artery (dHUA) as a novel small-diameter vascular

graft for clinical application because of the suitability of its

size and ease of use. However, implantation of cell-free

xenogenic, but not allogenic, vascular grafts in animal

models has shown aneurysmal formation owing to the

injury to the medial elastin and extracellular components

within weeks [13]. Our preliminary magnetic resonance

angiography (MRA) study also indicated aneurysmal

dilatation of enzyme/detergent-treated porcine arterial

scaffolds in a rat model at 30-day follow-up (unpublished

data). Therefore, in this pre-clinical study, we investigated the

in vivo performance of dHUA in a xenogenic implantation

model. We hypothesized that an ideal decellularized scaffold

will not elicit an aggressive inflammatory response or

rejection and can be gradually transformed to the neovascular

tissue in different species. We performed detergent-based

decellularization of the human umbilical artery and evaluated

the decellularization efficacy, biocompatibility and compliance

of the scaffolds. The decellularized rat abdominal aorta

(dRAA) acts as survival control. After the rat xenogenic

transplantation, we surveyed endothelialization, collagen/

elastin fiber regeneration, and cellular infiltration by histology

of explanations from the three group of rats. We further

investigated the patency and graft dilatation by MRA on

day 30 and 90. 

2. Materials and Methods

The study was approved by the Institutional Animal Care

and Use Committee of Taipei Veterans General Hospital.

All animal care complied with the Guide for the Care and

Use of Laboratory Animals (No. 2018-265). Human tissue

was obtained using protocols approved by the Institutional

Review Board of Taipei Veterans General Hospital. All

human subjects signed a consent form that was approved

by the Institutional Review Board of Taipei Veterans
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General Hospital (No. 2020-04-006C).

2.1. Resource of human umbilical artery and rat

abdominal aorta

Human umbilical cords were obtained from the Department

of Obstetrics and Gynecology at Taipei Veterans General

Hospital. The cords were stored at 2-8°C immediately after

delivery, and the overall storage time until processing in

the laboratory did not exceed 24 h. Umbilical vessels

approximately 20-30 cm long were isolated after meticulous

removal of Wharton’s jelly with sterile scissors. After

dissection, two umbilical arteries were stored in phosphate-

buffered saline (PBS, pH 7.4; Invitrogen) containing 250

μg/mL cefuroxime, 200 μg/mL ciprofloxacin, 80 μg/mL

gentamicin, 50 μg/mL vancomycin, 1,000 units/mL colistin,

and 200 μg/mL amphotericin B for 24 h at 4°C. Isolated

umbilical arteries were then cut into approximately 5 cm

long segments and flushed a few times with PBS. Umbilical

arteries were either processed for histological analysis or

prepared for decellularization.

The rat aorta was collected according to pervious

description [14]. In brief, after the rats were anesthetized

and incised along an abdominal midline, the aorta was

identified and meticulously separated from the inferior

vena cava in the retroperitoneal space. An intracardiac

infusion of Lactated Ringer’s solution (Y F CHEMICAL

CORP.) with 10 U/mL heparin (China Biotech Corporation)

was performed to flush blood out of the vessel. The aorta

was harvested distally to the bifurcation followed by

clamping the proximal end and ligating the branches. The

disinfection treatment and storage of RAA were as same as

HUA that was descripted above. 

2.2. Decellularization of human umbilical artery and

rat abdominal aorta 

The decellularization protocol was performed according to

our previous study for umbilical vein [15]. In brief, the

segments of the umbilical artery were incubated in 0.1%

SDS for 2 days, washed with PBS for another 2 days, and

incubated with Medium 199 (Gibco) containing 12% fetal

bovine serum for 2 days. The vessels were then washed

with PBS. Decellularization was performed at 37°C on a

shaker with 100 rpm agitation under sterile conditions. The

treated arterial tissues were cryopreserved in −150°C liquid

nitrogen using a computer control program and stored in

the vapor phase of liquid nitrogen until use. The efficacy of

decellularization was assessed by histological examination,

DNA quantification, and mechanical testing. For evaluation

of cellularity and histomorphology in decellularized vessels,

approximately one cm long segments of native and

decellularized umbilical arteries were fixed in 10%

formaldehyde for 24 h and embedded in paraffin. Later,

5 μm thick transverse sections of the arteries were stained

with hematoxylin and eosin (H&E; Sigma-Aldrich), 4′,6-

diamidino-2-phenylindole (DAPI), Masson’s trichrome, and

Elastin Van Gieson (EVG) stains. DNA quantification was

performed using the Quant-iTTM PicoGreen® dsDNA reagent

(Invitrogen) according to the manufacturer’s instructions.

2.3. Evaluation of mechanical properties

The arterial grafts were tested at the maximum pressure of

the system (200 mmHg). Vessels were attached to a flow

circuit, submerged in and perfused with medium, and

stretched to λ = 1.3 (130% of length prior to attachment).

Luminal pressure was cycled between zero and a target

pressure, which was incrementally increased by 10 mmHg

after three cycles to each target (rate of increase ~60

mmHg/min and a rate of decrease of ~40 mmHg/min). The

pressure was dynamically controlled using a sphygmoma-

nometer while the vessel diameter was observed via light

Fig. 1. Mechanical characterization of dHUA. (A) Mechanical
property testing device utilized for assessing the vascular compliance.
Arrow head implies air pressure flow, blue arrow indicates the
direction of sheath flow. (B) Compliances of native HUA and
dHUA at pressure from 30-150 mmHg. The result indicated that
there was no significant different between Native HUA and
dHUA (p > 0.05). Compliance = D/ (λ = 1.3). n = 3. dHUA:
decellularized human umbilical artery.
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microscopy, with images of the external diameter recorded

and the diameter measured synchronously with pressure

(Fig. 1A). Pressure-diameter data were used to determine

the elastic recovery and compliance of the arteries and

constructs. The mean diameter was calculated along a portion

of the vessel length from the image data. Compliance was

defined as the inverse of Peterson’s elastic modulus according

to the following equation: C = (ΔD/D0)/ΔP. Three arteries

from each group were tested separately.

2.4. Biocompatibility test 

To determine whether the dHUA could support cell coloni-

zation, Human umbilical vein endothelial cell (HUVEC),

human cord blood-derived endothelial progenitor cells (EPC)

and rat adipose stem cells (rASC) were seeded on the

grafts in vitro. Cells were pre-stained with CellTrackerTM

CM-Dil (Thermo Fisher) according to instruction of

manufacturer before seeding on the dHUA. In brief, we

incubated cells in CM-Dil solution at a concentration of

1 ug/mL for 5 min at 37°C, subsequently moved the cells

to 4°C fridge for additional 15 min to allow the dye to label

the plasma membrane. The dye-labeled cells were washed

with PBS and resuspended with culture medium. One cm

dHUA was cut along long axis, spread out and put evenly

on the bottom of 6-well plate with the luminal surface

upside. 2 × 105 HUVEC, EPC and rASC were seeded on

the segments respectively and incubated at 37℃, 5% CO2

for 24 h. All samples were imaged under 100× and 200×

magnification of confocal fluorescence microscopy (Zeiss

LSM900; Imaging Core Facility of National Yang Ming

Chiao Tung University). Seven fields of 100× magnification

images of each group of samples were analyzed with Image

J software (version 1.47). All fluorescence signal equal to

or higher than background was regarded as a region of

interest.

2.5. Implantation of vascular scaffolds in rat abdominal

aorta

The cryopreserved dRAA and dHUA were defrozen in

37℃ water bath before implantation. In total, thirteen male

Sprague-Dawley (SD) rats (300-600 g; BioLASCO) received

dHUA and twelve male SD rats received dRAA as an

abdominal aorta bridge. Briefly, the rats were anesthetized

with an intraperitoneal injection of 50 mg/kg body weight

Zoletil 50 (Virbac). The anesthetized rats were then placed

in a supine position over a warm pad. After shaving and

sterilization, a midline laparotomy was performed. Then,

the abdominal aorta between the infrarenal artery and iliac

artery bifurcation was explored after lateralizing of the

intestine and opening of the retroperitoneal fascia. The aorta

was carefully dissected from the inferior vena cava, and the

side branches were ligated. After clamping proximally and

distally, the 1-cm aorta segment was replaced with grafts

with end-to-end anastomosis (9-0 nylon, interrupted sutures).

No anticoagulation or antiplatelet drugs were perioperatively

administered. After the clamps were released, the hemostasis

was checked, the visceral organs were returned, and the

wound was closed in layers. The rats were anesthetized in

a separate cage where they received food and water ad

libitum. The animals were observed daily after operation.

2.6. Magnetic resonance angiography monitoring

Rats with graft implantation underwent MRA to evaluate

the patency of the vascular graft on day 30 and 90. Imaging

was performed using a 4.7-T magnetic resonance scanner

(Biospec 47/40; Bruker BioSpin) equipped with an active

shielding gradient (20 G/cm in 80 L). The rats were initially

anesthetized with 5% isoflurane in air at a flow rate of 1 L/min.

When fully anesthetized, the animals were placed in a prone

position and fitted with a custom-designed head holder

inside the instrument. Anesthesia was then maintained with

1.0-1.2% isoflurane in air at a flow rate of 1 L/min throughout

the experiment. Images were acquired using a 72-mm

birdcage transmitter coil and a separate quadrature surface

coil for signal detection. T2WIs were acquired using a

three-dimensional fast spin echo sequence as per the

following parameters: repetition time, 2,200 ms; effective

echo time, 33 ms; nex, 4; slice number, 20; slice thickness,

1.5 mm; matrix size, 200 × 200; field of view = 8.5 ×

8.5 cm; scan time, 3 min. 

2.7. Histological examination of implanted grafts

Histological examination was done on all implanted dHUA

7, 30 and 90 days after surgery if survived. Otherwise,

necropsy was done for rats died unexpectedly. The procedure

of explantation was the same as above under anesthesia.

All the grafts were embedded in paraffin after fixation and

dehydration. Four µm-thick transverse sections from the

midportion segments of the grafts were stained with H&E,

EVG, Masson’s trichrome and immunohistochemistry (IHC)

staining. Endothelialization was detected by H&E (Sigma-

Aldrich), anti-CD31 (Abcam, ab182981, 1:200). Regeneration

of ECM such as collagen and elastin was evaluated with

Masson’s trichrome and EVG staining. Anti-alpha-smooth

muscle actin (Sigma-Aldrich, C6198, 1:5,000), Anti-CD68

(Abcam, ab31630, 1:80), Anti-CD163 (Abcam, ab182422,

1:1,000), and Anti-CD45 (Abcam, ab10558, 1:50) were

used to investigate cellular infiltration. And an antibody for

detecting endothelial nitric oxide synthase (eNOS; Abcam,

ab5589, 1:80) was applied to identify functional endothelial

cell. The HRP/DAB immunohistochemistry was performed

on an automated IHC staining system noted as the Bond-

MAX system (Leica Biosystems) with the Bond Polymer

Refine Detection Kit (Leica). Images were captured with a
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ZEISS inverted microscope. CD45, CD68 and CD163

positive cell and total cell number were quantified by

Image J, the positive percentage was recorded. For each

slide, ten images of 100× magnificent were taken for

performing statistical analysis.

2.8. Statistical analysis 

The data were shown as the mean ± standard deviation.

Statistical analysis was performed using IBM SPSS Statistics

19 (version 19; SPSS). The Mann-Whitney U-test was

done between experimental groups where p < 0.05 was

considered significant. The Kruskal-Wallis test with post

hoc Mann-Whitney U-test was used to compare data for

more than two groups where p < 0.05 was considered

significant. 

3. Results

3.1. Characterization of dHUA

The dHUA maintained a tubular structure without fragility

or collapse. The appearance of dHUA became whitish after

decellularization. The diameter of dHUA was approximately

1.5-2 mm, which is slightly larger than that of the rat

abdominal aorta (approximately 1-1.5 mm in diameter). As

shown in Fig. 2, H&E staining revealed that most of the

nuclear components in dHUA (Fig. 2E) were removed as

compared with those in HUA (Fig. 2A). This result was

further confirmed by DAPI staining (Fig. 2B and 2F).

Masson’s trichrome staining showed preservation of most

collagenous components after decellularization (Fig. 2C

and 2G). EVG staining indicated the preservation of small

amounts of elastin fibers in the media layer (Fig. 2D and

2H). DNA content of native HUA was 392.46 ± 35.3 ng/mg

while dHUA was 6.18 ± 3.2 ng/mg. DNA quantification

revealed that more than 90% of dsDNA was eliminated

from HUA. The biocompability was further verified by

seeding HUVEC, EPC, and rASC onto grafts. After 24-hour-

cultivation, the recellularized dHUA was examined using

confocal microscopy, and cell attachment was quantified

by the Image J software. Three types of cells show firm

attachment on the lumen surface of dHUA with the area of

Fig. 2. Evaluation of the decellulariation efficacy and biocompability with histology, DNA, and cell ingrowth images of dHUA. (A)
H&E of HUA; (B) DAPI of HUA; (C) Masson’s trichrome stain of HUA; (D) Elastin Van Gieson stain of HUA; with
histologicalstaining of (E) H&E of dHUA; (F) DAPI of dHUA; (G) Masson’s trichrome stain of dHUA; (H) Elastin Van Gieson stain of
dHUA. Magnification: 200×, Scale bar = 5 μm. Three types cells pre-labeled with CellTrackerTM CM-Dil were grew on the lumen of
dHUV for 24 h in vitro. (I) CM-Dil labeled HUVEC on dHUA; (J) CM-Dil labeled endothelial progenitor cell on dHUA and (K) CM-
Dil labeled rASC on dHUA; (L) The area of cells labeled with red fluorescence presented by ROI. The result demonstrated that the
dHUV was suitable for cell growth. The reason that the area of rASC was significantly smaller HUVEC and EPC was due to the rat cell
was smaller than that of human. *p < 0.05, n = 5. dHUA: decellularized human umbilical artery, H&E: hematoxylin and eosin, DAPI:
4′,6-diamidino-2-phenylindole, rASC: rat adipose stem cell, ROI: region of interest, EPC: endothelial progenitor cell.
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14.67 ± 5.7, 10.68 ± 5.4 and 3.01 ± 1.3 per field, respectably.

The value of rASC was significantly lower than HUVEC

and EPC because the rat cell was much smaller than that of

human. These results indicated that dHUA were suitable

for both allogeneic cell and xenogeneic cell growth

(Fig. 2I, 2J, 2K, and 2L). Three vessels from each group

were assembled on mechanical property testing device and

measured individually. The vascular compliance did not

show any significant difference between dHUA and HUA

at pressures of 30, 60, 90, 120, and 150 mmHg (Fig. 1B).

It revealed that the procedure of decellularization did not

destroy the vascular structure notably.

3.2. Rat survival rate and graft diameter measurement

The dHUA was implanted into the rat abdominal aorta to

test its in vivo biocompatibility. Compared with the diameter

of dHUA while implanting in rats (Fig. 3), the implanted

dHUA enlarged obviously under the observation of gross

appearance on day 7 (Fig. 3A vs. 3B), day 30 (Fig. 3C vs.

3D) and day 90 (Fig. 3E vs. 3F). Evaluation of diameter

change revealed the gradual increase in the diameter of

dHUA by approximately 610%, 71% and 120% over 7, 30

and 90 days, respectively (Fig. 3G). At the initial stage of

the operation, two rats died within 1 day owing to thrombosis

(Fig. 4A). One rat was sacrificed on day 1, three rats died

within 1 week and one died within 2 weeks, respectively.

Six rats survived over 14 days and could survive up to 90

days. The 90-day survival rate was approximately 53.8%

(7/13), as shown in Fig. 3H. The leading causes of

unexpected death before day 7, especially on day 1, was

thrombus formation and occlusion of the lumen that was

revealed by histology. The diameter increased remarkably

due to the vascular obstruction. Similarly, when dRAA was

processed, five rats died within seven days due to thrombosis.

Seven rats were alive until 90 days with survival rate of

58%. Based on our experiment, abdominal aorta occlusion

caused the death of rat after operation. If we measure the

patency of substitutes by survival rate, then more than 50%

dHUA maintained patency in the xenogenic model till 90

days after surgery. Although the survival rate was lower

Fig. 3. Graft implantation of dHUA to rat aorta. (A-F) Gross appearance of the grafts at day of implantation (upper images) and harvest
(lower images); (A) and (B) point to the rat at the time of operation and then harvested at day 7; (C) and (D) point to the rat at the time
of operation and then harvested at day 30; (E) and (F) point to the rat at the time of operation and then harvested at day 90. Arrow:
anastomosis, blue: near the head, yellow: near the tail; (G) The diameter enlargement ratio of day 7 was significantly larger than that of
day 30 and day 90. The diameter of day 90 was larger than that of day 30, but no statistical significance. This means the dHUA enlarge
immediately after anastomosis. (H) The survival curve of dRAA and dHUA implanted to rat aorta up to 90 days. dHUA: decellularized
human umbilical artery, dRAA: decellularized rat abdominal aorta. ***p < 0.001.
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than allogenic implantation in the three groups, the rats

would stay alive once they pull through the first 14 days

post-surgery.

3.3. Collagen and elastin fiber regeneration

As shown in Fig. 4, on day one after the operation,

thrombotic occlusion was observed in the aortic lumen of

the dead rats, suggesting thrombosis as the cause of death

(Fig. 4A1-4C1). Masson’s trichrome staining demonstrated

that collagen fibers in the tunica media of dHUA started to

expose on day 7 (Fig. 4B2) and gradually increase on day

14 (Fig. 4B3), but no proliferative elastin fibers were

observed in the tunica intima following EVG staining

(Fig. 4C2 and 4C3). On day 30, persistent collagen fiber in

the tunica media and proliferative elastin fibers at the

tunica intima were observed (Fig. 4B4-4C4). On day 90, a

mature layered structure with wavy collagen fibers in the

tunica media and proliferative elastin fibers at the tunica

intima was observed (Fig. 4B5-4C5).

3.4. Endothelialization of explanted grafts 

In order to trace the endothelial cell on the lumen of the

implanted scaffold, CD31, and eNOS were stained. No

endothelial cells were noted on the inner surface of the

grafts on day 1 and day 7 (Fig. 4D1-4E1 and 4D2-4E2). On

day 14, CD31+ (Fig. 4D3-4E3) were observed but intimal

thickening with trace endothelialization was noted. On day

30, obvious endothelial cells were observed on the luminal

side of the dHUA (Fig. 4A4) along with CD31+ (Fig. 4D4).

On day 90, more complete endothelialization (Fig. 4A5)

and CD31+ (Fig. 4D5) cells at the luminal side of the dHUA

were noted. eNOS staining showed positive cells at the

luminal side of the dHUA at day 30 and day 90 (Fig. 4E4

and 4E5). No obvious smooth muscle cells were illustrated

in the grafts on day 1, 7, and 14 (Fig. 4F1-4F3) until 30

days and 90 days (Fig. 4F4 and 4F5). These findings

demonstrated that the intact structure of graft with cells

including endothelial cell and smooth muscle cell were

assembled start 30 days and smooth muscle fascicles were

more obvious on day 90 after dHUA implantation. 

3.5. Cellular infiltration and degradation

No CD45+, CD68+, or CD163+ lymphocytes were detected

on day one (Fig. 5A, 5F, and 5K). It suggested that the

reason of death in the acute stage was thrombosis instead

of inflammation. With time went on, prominent CD45+ and

CD68+ lymphocytes infiltration at media and outer layer

was observed on day 7 (Fig. 5B and 5G). The number of

Fig. 4. Histological and immunochemistry staining of explant dHUA at day 1, 7 and 14. (A1-F1) Day 1; (A2-F2) Day 7; (A3-F3) Day
14; (A4-F4) Day 30; (A5-F5) Day 90; (A1-A5), H&E stain; (B1-B5) Masson’s trichrome stain; (C1-C5) Elastin Van Gieson stain; (D1-
D5) CD 31; (E1-E5) eNOS; (F1-F5) α-SMA. Magnification: 200×, Scale bar = 5 μm. Yellow hashtag points to thrombosis in lumen at
Day-1. Black arrow indicates the endothelial layer stained by either CD31 or eNOS. L means the vascular lumen. dHUA: decellularized
human umbilical artery, H&E: hematoxylin and eosin, eNOS: endothelial nitric oxide synthase, α-SMA: alpha-smooth muscle actin.
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CD45+, CD68+ and CD163+ cells reached a high level on

day 14 (Fig. 5C, 5H, and 5M). Persistent but less CD68+ cell

infiltration in the outer layer and fewer CD45+, CD163+

cells were noted on day 30 (Fig. 5D, 5I, and 5N). No

obvious CD45+, CD68+, or CD163+ cells were detected in

the tunica media on day 90 (Fig. 5E, 5J, and 5O). The

percentage of semi-quantified CD45+, CD68+, and CD163+

cells are shown in Fig. 5P. On day 7, and 14, most infiltrated

cells were lymphocytes and CD68+ macrophages; the cell

count gradually decreased at day 30 and 90. CD163+ cells

were noted on day 14. It revealed that the inflammatory

reaction happened from day 7 and became serious at day

14. Once the animal passed through this critical stage, the

inflammatory alleviated and the animal would survive.

3.6. Results of MRA

As shown in Fig. 6, MRA images revealed the patency of

dHUA in the rat abdominal aorta on day 90. However,

Fig. 5. Immunochemistry staining of explant dHUA at day 1, 7, 14, 30, 90 after surgery. (A, F, K) Day 1; (B, G, L) Day 7; (C, H, M)
Day 14; (D, I, N) Day 30; (E, J, O) Day 90; (A-E) CD45; (F-J) CD68; (K-O) CD163; Magnification: 200×, Scale bar = 5 μm. (P)
Quantification of IHC stain of explant dHUA at day 1, 7, 14, 30, 90. (a) CD45; (b) CD163; (c) CD68. n = 13. Red L means the vascular
lumen. dHUA: decellularized human umbilical artery, IHC: immunohistochemistry. * p < 0.05. 

Fig. 6. MRA images of implanted dHUA at day 90. (A) T2 image of the coronal view of implantation graft in rat abdominal cavity; (B)
T2 image of the sagittal view of implantation graft in rat abdominal cavity; (C) TOF 3D display of the abdominal artery with the
implantation graft. Scale bar = 1 cm. Arrow: anastomosis, blue: near the head, yellow: near the tail. MRA: magnetic resonance
angiography, dHUA: decellularized human umbilical artery, TOF: time of flight, 3D: three-dimensional. 
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graft dilatation was obvious in comparison with the rat

aorta. The result showed that the dHUA was enlarged even

the rats were alive. It hinted that the mechanical property

of dHUA needed strengthen in order to tolerate long-term

blood pressure in vivo.

4. Discussion

Aneurysmal dilation has been associated with the failure

mechanism in vascular ECM scaffolds. Aneurysm formation

results in turbulent blood flow and increases the risk of

thrombosis and vessel rupture, owing to the increased wall

stress at the aneurysmal site [5]. Gui et al. [8] reported

distention of decellularized umbilical arteries to approximately

4.5 mm (diameter) immediately upon implantation in nude

rat abdominal aortas. These authors primarily used SDS,

CHAPS, and serum for the decellularization of umbilical

arteries and found that most of the elastin was removed and

collagen was preserved. The initial dilatation could be

attributed to the loss of elastin in the scaffolds. At 8 weeks,

no obvious dilation or aneurysm formation was reported.

However, ultrasound revealed disturbed flow near the

anastomosis region and a significantly lower flow rate in

the graft than in the native aorta [8]. These results differed

from our findings. We did not observe dilatation immediately

after implantation, although a slight diameter mismatch

existed. These differences could be from the variations in

decellularization protocols and animal models. In our

study, no obvious gross dilatation of dHUA was observed

till 14 days after surgery. It occurred on day 30 to be

observable via gross examination and MRA. These findings

support that dHUA could maintain the blood flow in the rat

aorta, but the risk of graft dilatation cannot be eliminated.

MRA confirmed patency along with the slight decrease in

flow rate as compared to that in the native artery. 

Nevertheless, the histology on day one showed red blood

cells at the vessel wall of dHUA, and this phenomenon was

not reported in other studies. However, this abnormality

resolved and was not observed on day 14. A possible

explanation could be the damage to the microscopic vessel

wall after decellularization, although the integrity of dHUA

was evaluated by a perfusion mechanical test before implan-

tation. It is known that the reagents used for decellularization

can also affect the composition of tissues. The results

indicated that grossly preserved collagen in dHUA could

temporarily withstand the blood flow into the vessel wall

[16,17]. Another explanation is that dHUA exhibit biological

activity to absorb the extravasation of the blood and then

undergo remodeling without total dissection or rupture.

Immunogenic reactions or inflammation is thought to be

a cause of aneurysmal dilatation of decellularized vascular

grafts in vivo. Allaire et al. [12] established an animal

aneurysm model using xenogenic transplantation and

showed that arterial wall degeneration and dilation result

from the penetration of inflammatory cells into the media

and upregulation of MMP expression. MMPs have been

extensively studied in aneurysms because they can degrade

most of the arterial ECM, including collagen and elastin

[12]. In addition, histological examination of the explanted

bovine ureter (SynerGraft) did not suggest any hyper-acute

immune response to the xenograft but simply an inflammatory

reaction. However, inflammatory reaction was expected and

promoted by the manufacturer as a part of the revitalization

process and was even observed at 13 weeks in a dog

experiment [9]. As bench testing prior to implantation has

confirmed the similar burst strength of the grafts and long

saphenous vein, Cyolife Inc. hypothesized that it is the

inflammatory response that is responsible for the weakening

of the wall.

Although decellularization was meant to reduce the host

immune response toward the ECM scaffold, it is rarely

capable of completely eliminating it. Immune attacks from

either natural or acquired antibodies can lead to the

recruitment of both adaptive and innate immune cells [18].

Immune cell recruitment is further exacerbated by the

presence of graft chemoattractants such as collagen fragments

[19,20]. Antigen recognition and co-stimulation between

cells result in increased secretion of cytokines and MMPs

[21]. Aneurysm studies in humans have shown that

monocyte-macrophages and T-lymphocytes are the sources

of ECM-degrading enzymes, as they play key roles in the

formation of atherosclerotic plaques and arthritic joints

[22,23]. Cytokines further stimulate pro-inflammatory res-

ponses, cell recruitment, and MMP secretion [24]. Increased

secretion of MMPs, as previously mentioned, leads to the

degradation of structural proteins of the ECM scaffold and

the consequent damage to the graft. The combined effect of

immune activation results in the degradation of ECM

proteins and scaffold failure by either or all of the afore-

mentioned mechanisms [5]. 

Our findings depicted the in vivo changes in the

decellularized vascular grafts in a xenogenic model. The

dHUA provoked a mild inflammatory reaction, as evident

from CD45+ and CD68+ cells at the early stage of implantation.

The infiltration of CD68+ cells was mainly noted in the

adventitia and was recognized from host cells [25]. The

exposure of the decellularized matrix to the blood leads to

the release of chemokines/cytokines by activated platelets

on the inner surface, eventually resulting in the recruitment

of inflammatory cells or leukocytes [26,27]. It is known

that macrophages are important in the degradation of ECM

scaffolds and quickly populate the ECM in vivo. Macrophages

also participate in scaffold remodeling [28,29] CD68+ cells
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have the ability to induce smooth muscle cell and endothelial

cell incorporation in the graft [30]. We could not observe

smooth muscle cell infiltration until day 14 after implantation.

Smooth muscle cells infiltrating the neointima of decellularized

vascular grafts could be derived from three cell types: cells

from the surrounding tissue, those from the recipient arterial

vessel wall, and those circulating in the blood. Progenitors

from the neointima of decellularized vascular grafts also

have the ability to differentiate into smooth muscle cells

[31]. However, smooth muscle cells are recognized to

contribute to neointimal hyperplasia, which was observed

to some extent in dHUA on day 1, 7, and 14 in the present

study. Endothelial cells appeared on the inner surface of

dHUA on day 14, and this phenomenon was accompanied

by persistent infiltration of macrophages and smooth

muscle cells. This could be explained by the fact that the

degradation of the ECM by inflammatory cells can release

many matricryptic molecules. These bioactive molecules

have chemoattractant effects on stem and endothelial cells

[32]. Similar to smooth muscle cells, endothelial cells on

decellularized vascular grafts could be derived from

transanastomotic growth, transmural growth, and recruited

circulating blood cells by factors released from degraded

scaffolds [33]. Roh et al. [30] also showed that tissue-

engineered vascular grafts could transform into functional

neo-vessels via inflammatory processes, mainly monocyte

activation. In addition, Kristofik et al. [34] suggested that

the appearance of CD68+ cells in ECM-incorporated

decellularized vascular grafts could have certain advantages

in endothelial cell recruitment. In our analysis, lymphocytes

infiltrated the grafts early after implantation. The number

of CD68 macrophages gradually increased from day 1 to 14

and decreased thereafter. The number of CD163 macrophages

was found to be low, indicating that the inflammatory

reaction was only temporary and that the degradation of

scaffolds was mild and accompanied by regeneration of

matrix proteins. The M1 to M2 macrophage transition is

important for ECM-based scaffolds, but we did not observe

this phenomenon [35]. 

To avoid aneurysm formation, it is imperative to prevent

ECM injury during decellularization. Non-detergent or

non-enzyme methods are continuously being explored for

decellularization of vascular tissues to avoid harmful effects.

For example, high hydrostatic pressure has been reported

to almost completely remove the cellular components of

porcine arteries without any obvious change in elastic

modulus [36]. Ultrahigh hydrostatic pressure-treated scaffolds

maintained the ECM and facilitated peptide immobilization

on the luminal surface, thereby inducing rapid endothe-

lialization in vivo [37]. Another approach of preventing

aneurysm is decrease the inflammation of scaffolds in vivo

by preliminary seeding cells (recellularization). The advan-

tages of recellularization of decellularized scaffolds before

implantation include physical mask or degradation of

antigen by the cells and reduced coagulation cascade [38].

However, there are major hurdles to be circumvented, such

as selection of cell source and type, differentiation or

stemness, seeding number, and efficacy of recellularization

[39]. The addition of other degradable biomaterials to

decellularized vascular scaffolds might compensate for the

altered mechanical properties during decellularization

treatment [40,41]. 

In order to explore the long term outcomes of the vascular

xenotransplantation, 90-days-long after surgery was used

to estimate. Based Andreollo et al.’s [42] conclusion in the

review article, every month of an adult rat is almost equal

to 2.5 human years. Therefore, 90 days for rat is roughly

equivalent to six to eight years for human life. It would be

long enough to evaluate the biological and physiological

behavior of the implanted vessel, and the possible causes

of failure as well. We also found that in the images of IHC

staining, thick brown areas were observed to be a thinner

layer in the samples which might be nonspecific interference

due to the blood infiltration to explants. The residue blood

was difficult to be eliminated because some samples

harvested from the cadavers whose blood has clotted. The

immunofluorescence staining could be employed to overcome

the bias.

5. Conclusion

We observed that the dHUA was a xenogenic small-caliber

vascular graft that could maintain the blood flow for up to

90 days in vivo. Although dilatation of the graft and

possibility of graft failure still exist, the functionalization of

the dHUA could be derived from its ability to endothelialize,

evoke cellular infiltration, and elicit a low-grade inflammatory

reaction. Endothelialization could be observed on day 30

after implantation. Regeneration of collagen/elastin and

increase in cellularity were noted thereafter. Although a

mature vessel-like functional structure was observed on

day 90, the dilatation of dHUA was noted.
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