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Objective: Developing a tissue-engineered small-diameter (<6 mm) vascular graft for reconstructive surgery has
remained a challenge for the past several decades. This study was conducted to develop a decellularized
umbilical artery and to evaluate its composition, endothelial cell compatibility, mechanical properties, and in vivo
stability for potential use as a small-diameter vascular graft.

Methods and Results: Human umbilical arteries were isolated and decellularized by incubation in CHAPS and
sodium dodecyl sulfate buffers followed by incubation in endothelial growth media-2. Decellularized umbilical
arteries were completely devoid of cellular and nuclear material while retaining the integrity of extracellular
collagenous matrix. The mechanical strength of the decellularized umbilical artery as assessed by its burst
pressure in vitro showed no significant change from its native form. Decellularized umbilical arteries supported
endothelial adherence as indicated by the re-endotheliazation with a monolayer of human umbilical vein
endothelial cells. Furthermore, decellularized vessels that were implanted into nude rats as abdominal aorta
interposition grafts remained mechanically intact and patent for up to 8 weeks.

Conclusion: Decellularized human umbilical arteries preserved the extracellular matrix, supported en-
dothelialization, and retained function in vivo for up to 8 weeks. These properties suggest the potential use of

decellularized umbilical arteries as small-diameter vascular grafts.

Introduction

CARDIOVASCULAR DISEASE, including coronary artery and
peripheral vascular disease, is the leading cause of
mortality in the United States and accounted for over 30%
deaths in 2004." The standard procedure to replace the dis-
eased segments of small-diameter arteries (<6 mm) involves
the use of native, autologous grafts such as saphenous
veins.>® However, this approach requires multiple surgical
procedures and is often limited by the amount of adequate
autologous vessels available. Synthetic materials, including
Dacron and expanded polytetrafluoroethylene (ePTFE), have
been used as vascular grafts under conditions when patients
do not have suitable autologous vessels, but high rate of
thrombosis formation has limited the use of these synthetic
grafts as small-diameter vascular grafts.*® In efforts to
overcome these limitations, several tissue engineering ap-
proaches have been developed to prepare functional small-
diameter vessels in vitro. These techniques include culturing

vascular cells on a collagen matrix,” other biodegradable
scaffolds,® or without exogenous scaffold.’ However, these
tissue-engineered vascular grafts either lack sufficient me-
chanical strength” or require long culture periods to obtain
the mechanical strength that is required for implanta-
tion®!%!! and are thus cost- and labor-intensive.

Recently, an alternative tissue engineering approach
involving the decellularization of native tissues has shown
success in a variety of applications.'>"? Decellularized tissues
are composed of natural extracellular matrix and have the
advantage of maintaining the structure and mechanical
properties of native tissues.'*"” Decellularized biomaterials
can be seeded with various cardiovascular cells, including
endothelial cells, progenitor cells, and myocardial cells, to
generate functional tissues, including blood vessels and other
tissues.'”** Decellularization of naturally derived tissues
also reduces their immunogenici’cy,m’27 rendering them more
favorable for allogenic use. Additionally, decellularized tis-
sues have the potential for repair, growth, and remodeling
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in vivo.2*?*% These findings suggest that the decellulari-
zation of naturally available biomaterials is a promising
approach to prepare small-diameter vascular grafts.

The human umbilical cord normally contains two umbil-
ical arteries and one umbilical vein that are embedded within
a loose, proteoglycan-rich matrix known as Wharton’s jelly.
The umbilical veins had been clinically used as glutaralde-
hyde cross-linked grafts for the last three decades with some
success for lower-extremity revascularization.*’** Umbilical
veins have also been decellularized and shown potential use
as vascular grafts.'® In comparison, the umbilical artery,
which has an inner diameter of about 1.5mm under col-
lapsed conditions, has attracted little attention.>**® Herein,
we described the decellularization of human umbilical ar-
teries and investigated the composition, mechanical proper-
ties, and endothelial cell compatibility of the decellularized
vessels. The in vivo stability of the decellularized umbilical
arteries was also investigated, and our results suggest that
decellularization of umbilical arteries might provide a novel
approach for generating small-diameter vascular grafts for
vascular reconstruction surgery.

Materials and Methods

The study was approved by the Yale University Institu-
tional Animal Care and Use Committee. All animal care
complied with the Guide for the Care and Use of Laboratory
Animals. Human tissue and cell population were obtained
using protocols approved by the Yale University Human
Investigation Committee.

Human umbilical artery preparation

Human umbilical cords (anonymized) were obtained from
Yale-New Haven Children’s Hospital (New Haven, CT). The
cords were stored at 4°C immediately after delivery, and the
overall storage time of the umbilical cords until processing in
the laboratory did not exceed 24 h. Arteries were isolated from
human umbilical cords (20-30 cm in length) using sharp dis-
section in a sterile fashion. Briefly, a pair of Metzenbaum
scissors was inserted into the Wharton’s jelly surrounding
the arteries, and the tissue was dissected from the arterial
vessels. Two intact arteries were subsequently separated from
the umbilical vein and stored in phosphate-buffered saline
(PBS, pH 7.4; Invitrogen, Carlsbad, CA) containing penicillin
100 U/mL and streptomycin 100 pg/mL (Invitrogen) at 4°C.
Isolated umbilical arteries were then cut into segments of 5 cm
in length and flushed a few times with PBS. Within half an
hour of extraction, umbilical arteries were either used for
immediate analysis or were subjected to decellularization.

Decellularization of human umbilical arteries

Decellularization of umbilical arteries was accomplished
using methods that are similar to those described previous-
1}1.15’36 Briefly, four to five umbilical artery segments of 5cm
in length were incubated in 250 mL CHAPS buffer (8§ mM
CHAPS, 1M NaCl, and 25mM EDTA in PBS) for 22h, fol-
lowed by brief PBS washes. Umbilical arteries were further
incubated in 250mL sodium dodecyl sulfate (SDS) buffer
(1.8mM SDS, 1M NaCl, and 25mM EDTA in PBS) for 22h,
followed by a 2-day wash with PBS to completely remove
the detergent. In the final step, umbilical arteries were in-
cubated at 37°C for another 2 days in endothelial growth
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media-2 (EGM-2) followed by washes with PBS. All decel-
lularization steps were carried out at 37°C with high-speed
agitation under sterile conditions. EGM-2 is endothelial
cell basal media (Lonza, Walkersville, MD) supplemented
with EGM-2 Single Quots (Lonza) and contains 12% fetal
bovine serum and penicillin 100U/mL and streptomycin
100 pg/mL. Decellularized vessels were stored in PBS con-
taining penicillin 100 U/mL and streptomycin 100 pg/mL at
4°C for up to 2 weeks. In other studies, the freshly isolated
umbilical arteries were incubated in CHAPS and SDS buffers
for 14 h, respectively, before an additional 2-day incubation
with EGM-2. The decellularized vessels were examined for
cellularity by hematoxylin and eosin (H&E) staining and
DNA quantification.

Determination of decellularization

Histological analysis. Five-mm segments of non-
decellularized and decellularized umbilical arteries were
fixed in 10% neutral-buffered formalin for 1h, embedded in
paraffin, cut into 5-pm sections, and stained with H&E for
nuclear material, Masson’s trichrome for collagen, or elastin-
van Gieson’s (EVG) stain for elastin. Paraffin-embedded
sections were also stained for collagen IV to examine the
basement membrane. Briefly, slides were deparaffined, re-
hydrated, and blocked. Sections were then incubated with
rabbit polyclonal antibody to collagen IV (1:50; Abcam,
Cambridge, MA) followed by FITC-conjugated goat anti-
rabbit IgG (1:100; Abcam). Slides were counterstained with
DAPI, and mounted. Images were obtained using a Zeiss
Axiovert 200M microscope equipped with AxioCam HR
with software AxioVision Release 4.5.

DNA quantification. To evaluate the decellularization
quantitatively, the DNA content of umbilical arteries was
determined using the PicoGreen assay. Briefly, vessel seg-
ments were lyophilized, weighed, and digested in papain
buffer (papain 125pug/mL [Sigma, Saint Louis, MO], 5mM
cysteine-HCl, and 5mM di-sodium EDTA in PBS) at 60°C
overnight as described previously.'>*” The papain sample
solution was diluted with TE buffer (10mM Tris-HCl and
1mM EDTA, pH 7.5; Invitrogen), incubated with an equal
volume of Quant-iT™ PicoGreen® dsDNA reagent (Mole-
cular Probes, Eugene, OR), and using a fluorometer, the
fluorescence was measured at an excitation wavelength of
485nm and an emission wavelength of 530 nm. Bacterioph-
age A DNA (Invitrogen) was used as a standard.

Collagen quantification. The collagen content of umbili-
cal arteries was determined by measuring the levels of hy-
droxyproline as described previously.ls’38 Briefly, vessel
segments that were digested in papain buffer were further
digested in 6 N HCl at 110°C overnight. Samples were neu-
tralized with NaOH and incubated with chloramine T
(Mallinckrodt Baker, Phillipsburg, NJ), followed by an in-
cubation in p-dimethylaminobenzaldehyde (Mallinckrodt
Baker) for 20min at 60°C. The hydroxyproline content was
measured at a wavelength of 530nm. Collagen was calcu-
lated as 10 times the amount of hydroxyproline.*

Scanning electron microscopy. Umbilical artery seg-
ments (5mm in length) were cut into open patches and
processed for scanning electron microscopy (SEM) as
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described previously.”” Briefly, patches were fixed with
1% glutaraldehyde solution in 0.1M sodium cacodylate
buffer (pH 7.4; Polysciences, Warrington, PA) for 5min.
After fixation, the samples were washed for 5 min with dis-
tilled water and dehydrated with 5-min exchanges in each of
the 70%, 85%, and 95% aqueous ethanol and absolute etha-
nol. The samples were further immersed in hexamethyldisi-
lazane (Polysciences) for 10min and air-dried overnight.
Dried samples were mounted, sputter-coated with gold
(Cressington Sputter Coater 108 auto, Watford, UK), and ex-
amined with a Phillips XL-30 environmental scanning elec-
tron microscope (FEI, Hillsboro, OR).

Human umbilical vein endothelial cell seeding

Human umbilical vein endothelial cells (HUVECsS) iso-
lated from umbilical veins using 0.1% collagenase were cul-
tured in EGM-2 at 37°C and 5% CO, until reaching almost
confluence. Decellularized umbilical artery segments were
cut into 5x3 mm open patches and put into 12-well plates
with the luminal surface facing up. These patches were
coated with fibronectin in PBS at 5pug/cm?* at 37°C for 1h,
washed with PBS, and then seeded with 50 uL. of HUVECs at
2x10° cells/mL. HUVECs were allowed to adhere for 1h at
37°C and 5% CQO,, after which 4 mL of EGM-2 was added to
each well. Cells were then incubated for 1-5 days at 37°C and
5% CO,. At each indicated time, recellularized vessel patches
were removed from 12-well plates, rinsed twice with PBS,
and fixed for SEM or histological analysis. The HUVECs
were at passages 2 and 3.

Mechanical analysis

The mechanical properties of umbilical arteries before and
after decellularization were determined as described previ-
ously."*! Briefly, vessels were attached to a flow system
connected to a pressure transducer. PBS was injected into the
flow system at intervals of 50 mmHg pressure until bursting
of the vessel occurred. The outer diameter at each pressure
was recorded using a CCD camera (Canon XL1 Digital Video
Recorder) and measured using NIH Image J. The cross-
sectional area of the vessel measured from histological images
was assumed constant and used for determining the vessel
internal radius at each pressure. Assuming an isotropic, thick-
wall cylinder, the stress (o) and strain (g) of the umbilical
artery were calculated as follows:

8P (Rextemal X Rinternal)2

2 2 2
(Rexternal - Rintemal)(Rextemal + Rinternal)

@

o=

o= Rexternal + Rinternal
RO, external T RO, internal

—1 @)

where P is the pressure inside the vessel, R the vessel radius,
and R, the radius at pressure zero. Compliance (C) between
50-150 mmHg was calculated as a percent per 100 mmHg as

_ 104(Dsys - Ddias)

= s i) 3
Ddias(Psys - Pdius) ( )

where Dy and Pgys are the systolic vessel diameter and
pressure, respectively, and Dgj,s and Pgins are the diastolic
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diameter and pressure, respectively. A slope was calculated
from the four highest values of strain in the linear part of the
stress—strain curve before failure, and defined as the maximal
incremental modulus (Emax).8 Previous studies in our labo-
ratory have suggested that E .y correlates with the collagen
content in the vessel.®

Implantation of human umbilical arteries in nude rats

To evaluate the mechanical strength of decellularized
umbilical arteries in vivo, vessels were implanted into
Foxn1™" nude rats, 3-4 months old, weighing 300 g (Harlan
Sprague Dawley, Inc. [Indianapolis, IN] or Charles River
Laboratories [Boston, MA]) as abdominal aorta interposition
grafts. The non-decellularized umbilical arteries were used as
controls. Briefly, rats were anesthetized with an intraperito-
neal ketamine/xylazine/acepromazine injection and given
the anti-platelet agent clopidogrel (30 mg/kg) orally 30 min
before surgery, as a single dose. The anesthetized animal was
opened with a midline abdominal incision, and the infrarenal
abdominal aorta was exposed under standard sterile condi-
tions. After a single dose of intravenous heparin (1000 IU /kg),
the abdominal aorta was cross-clamped and divided between
the renal artery and the inferior mesenteric artery. A segment
of either the non-decellularized or the decellularized umbilical
artery (8-10mm in length) was inserted into the aorta end-
to-end using a 10-0 monofilament nylon suture. The abdom-
inal aorta of the nude rat is approximately 1.0 mm in inner
diameter (Fig. 7C), and the umbilical artery has an inner di-
ameter of about 1.5mm under collapsed conditions (zero
pressure) (Fig. 8A), making end-to-end anastomosis straight-
forward. In addition, the graft vessel wall had sufficient su-
ture retention strength for implantation, and no difference in
the surgical handling properties was found between the non-
decellularized and decellularized grafts. After confirmation of
graft blood flow and hemostasis post de-clamping, the wound
was closed. The animals were recovered from surgery and
maintained without anti-coagulation or anti-platelet treat-
ment postoperatively.

Assessment of graft in vivo stability
and characterization of explants

At 2, 4, 6, and 8 weeks after implantation, animals were
examined using a Vevo 770® Micro-ultrasound System
(VisualSonics, Toronto, Canada) equipped with the RMV-
704 scanhead (spatial resolution 40 um) to determine graft
patency, morphology, and blood flow. The diameter of the
graft at the midpoint was measured from both transverse
and longitudinal axes ultrasound images. Eight weeks
postoperatively, grafts were explanted after pressure perfu-
sion fixation at 150 mmHg with 10% formalin for 30 min. The
excised grafts were fixed in 10% formalin for another 20 h.

Harvested grafts were cut into proximal, mid, and distal
sections, and then embedded in paraffin, cut into 5-um sec-
tions, and stained with H&E and Masson’s trichrome. To
determine the average thickness of tissue growth within and
surrounding the graft, H&E sections of the mid-graft were
divided into 10 regions, and the thicknesses of tissue were
measured using NIH Image J.

Paraffin-embedded sections were also analyzed by im-
munohistochemistry using antibodies for a-smooth muscle
actin (¢-SMA) to evaluate the phenotype of peri-graft tissues.



2668

Briefly, slides were deparaffined, rehydrated, and blocked.
Sections were then incubated with mouse anti-human
a-SMA antibody (1:1000; Dako, Carpinteria, CA) followed by
biotinylated goat anti-mouse IgG (1:200; Vector Laboratories,
Burlingame, CA). Bound antibodies were detected using
avidin-biotin—peroxidase complex system (Vector Labora-
tories), and the color was visualized after incubation with
NovaRed peroxidase substrate (Vector Laboratories). Slides
were counterstained with hematoxylin, dehydrated, and
mounted.

Statistics

Data are expressed as mean = standard deviation (SD).
Statistical significance was determined by a Student’s t-test
for paired samples. Statistical significance was set at p < 0.05.

Results

Decellularized human umbilical arteries maintain
extracellular collagen matrix

Freshly isolated human umbilical arteries were charac-
terized by staining of the nuclear and cellular components
(Fig. 1A), extracellular collagen matrix (Fig. 1D), and elastin
fibers (Fig. 1G). After treating the freshly isolated umbilical
arteries with CHAPS and SDS buffers for 22 h, respectively,
the nuclear staining appeared as a diffuse smear in the vessel
wall (Fig. 1B). A further incubation with EGM-2 completely
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removed the nuclear material as indicated by H&E staining
(Fig. 1C) and confirmed by DNA quantification (Fig. 3A).
Immunostaining for «-SMA and PECAM-1 (rabbit anti-PE-
CAM-1, 1:250; Santa Cruz Biotechnology, Santa Cruz, CA)
confirmed a complete removal of smooth muscle cells and
endothelial cells from the vessel wall of the human umbilical
artery treated with CHAPS and SDS buffers for 22h each
followed by EGM-2 (data not shown). In addition, the major
histocompatibility complex (MHC) was also absent in these
vessels as indicated by immunostaining (rabbit anti-MHC
Class I, 1:50; Santa Cruz) (data not shown). Further, B-actin
was almost completely absent from these vessels treated for
22 h with detergents, whereas more B-actin remained in the
vessels treated with only 14h of CHAPS and SDS buffers
(data submitted for publication*®). Thus, human umbilical
arteries treated with CHAPS and SDS buffers for 22h each
followed by EGM-2 for 2 days will be referred to as the
decellularized vessels for all the following studies.

Staining of the human umbilical arteries before and after
decellularization with Masson’s trichrome for collagen indi-
cates that the extracellular collageneous matrix was well
preserved in the decellularized vessels (Fig. 1F). The basement
membranes of the decellularized vessels remained intact as
indicated by both the staining of collagen IV, a major com-
ponent of the basement membrane, and the SEM examination
of the luminal surface of the vessel (Fig. 2). Quantification of
collagen further indicated that the amount of collagen in the
decellularized umbilical arteries was not statistically different

Non-decellularized

CHAPS/SDS

CHAPSISDSIEGM-Z |

FIG.1. H&E staining (A-C), Masson’s trichrome staining (D-F, collagen stains blue), and EVG staining (G-I, elastin stains
black) of the human umbilical arteries before (A, D, G) and after (B, E, H) incubation with CHAPS and SDS buffers for 22 h,
respectively, and after further incubation with EGM-2 for 2 days (C, F, I). Original magnification, 20 x; scale bar =50 pm.

Color images available online at www liebertonline.com/ten.
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FIG. 2. Immunofluorescent
staining of collagen IV (green)
in the human umbilical ar-
teries before (A) and after (B)
decellularization. Some colla-
gen autofluorescence (green)
is observed in the vessel wall.
Nuclei (blue) are stained with

DAPI. Original magnification, 20x; scale bar =100 pm. (C) Representative SEM image of the luminal surface of the human
umbilical arteries after decellularization. Scale bar =100 pm. Color images available online at www liebertonline.com/ten.

compared to that in the non-decellularized vessels (Fig. 3B).
The (nonsignificant) trend toward increasing collagen values
as a percentage of dry weight after decellularization likely
reflects the loss of cell mass in the tissue, and hence the relative
decrease in the dry weight of the sample. However, staining
with EVG indicated that some depletion of elastin might have
occurred in the decellularized vessels (Fig. 1I), which might
affect vessel mechanical properties at low pressures.*>***>

Mechanical properties of decellularized human
umbilical arteries

To determine whether the mechanical strength was re-
tained in the decellularized umbilical arteries, stress—strain
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curves were obtained before and after decellularization as
described in Materials and Methods. As shown in Fig. 4A,
the non-decellularized vessels had an average maximum
burst pressure at 969.66 & 154.42 mmHg, which was slightly
decreased but not significantly altered in the decellularized
vessels (840.37 +114.67 mmHg, p not significant). The decel-
lularized umbilical arteries maintained a similar maximum
slope of the stress—strain curve as the non-decellularized
vessels, reflecting the intact nature of the collagenous matrix,
which is responsible for the stress—strain behavior at high wall
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FIG. 3. Average DNA (A) and collagen (B) per dry weight
of the human umbilical arteries before decellularization, after
CHAPS buffer and SDS buffer treatment, and after further
incubation with EGM-2 from three independent experi-
ments. Data are presented as mean 4 SD. *Significantly dif-
ferent from the fresh vessels, p < 0.01.
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FIG. 4. Mechanical properties of the human umbilical
arteries. (A) Average burst strength for the human umbilical
arteries before and after decellularization from four in-
dependent experiments. Data are presented as mean =+ SD.
No significant difference was found between the non-
decellularized and decellularized vessels. (B) Representative
stress—strain curve of the non-decellularized and decellular-
ized human umbilical arteries. Stress and strain values were
calculated using Equations 1 and 2, respectively.
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TABLE 1. MECHANICAL PROPERTIES OF HUMAN UMBILICAL ARTERIES BEFORE AND AFTER DECELLULARIZATION
FROM THREE INDEPENDENT EXPERIMENTS

Non-decellularized vessels Decellularized vessels p-Value
Max. stress (kPa) 1372.23 +809.30 1618.21 +691.26 0.753
Max. modulus (MPa) 13.33 £6.85 7.41+3.85 0.438
Compliance (% per 100 mmHg) 5.84+3.10 4.26 £2.96 0.636

Data are presented as mean =+ SD.

stress*? (Fig. 4B). However, there was a shift in the stress—
strain curve of the decellularized vessel to the left, prob-
ably due to the removal of smooth muscle cells as well as
some depletion of elastin by decellularization process, which
diminished the compliance of the acellular tissues at low
pressures‘u"l‘l’45 (Fig. 4B). No significant difference in the
maximum stress, maximum modulus, and compliance were
found between the non-decellularized and decellularized
umbilical arteries (Table 1). These data indicate that the de-
cellularization process did not have a significant impact on the
mechanical properties of the human umbilical arteries, par-
ticularly at high wall stress.

Endothelial cell compatibility of the decellularized
umbilical artery

An ideal vascular graft should support endotheliazation
because a confluent, functional endothelial layer has been
shown to be essential for preventing graft thrombosis.*® To
test whether the decellularized human umbilical arteries
support endotheliazation, HUVECs were seeded onto the
luminal surface of decellularized umbilical artery patches
and incubated for various times. SEM examination showed
that HUVECs adhered and spread well on the surface of the
decellularized umbilical artery patches as early as 1 day after
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FIG. 5. Seeding of the human umbilical vein endothelial
cells on the decellularized umbilical arteries for 1 day (A, B)
or 5 days (C, D). (A, C) representative SEM images of HU-
VECs on the luminal surface of the umbilical artery. (B, D)
Representative H&E staining. Arrows indicate HUVECs on
the luminal surface of the re-cellularized human umbilical
artery. Original magnification, 20x; scale bar =50 um. Color
images available online at www liebertonline.com/ten.

seeding (Fig. 4A). After a 5-day incubation period, HUVECs
were fully spread and formed a nearly confluent layer (Fig.
5C, D). The HUVEC monolayer was confined to the luminal
surface (Fig. 5). These data support the potential use of de-
cellularized umbilical arteries as bio-scaffolds for vascular
tissue engineering.

In vivo durability of decellularized umbilical arteries

To evaluate in vivo stability, segments of the decellularized
vessels were implanted into nude rats as abdominal inter-
position grafts. The freshly isolated, non-decellularized ves-
sels served as controls. The nude rats were utilized to obviate
any potential effect of the immune reaction to human xeno-
grafts. Of note, the decellularized vessels were not seeded
with endothelium before implantation. All rats that were
implanted with the non-decellularized vessels survived after
surgery (n=4). In the animals that were implanted with the
decellularized vessels, however, five died within a few hours
after surgery, and six survived. Development of thrombosis
in those five rats implanted with the decellularized grafts
was confirmed by opening up the rats immediately after
death and visually checking the implanted grafts (data not
shown). The incidence of acute thrombosis was presumably
due to the lack of endothelium and the exposure of the col-
lagen vessel surface to the non-anticoagulated flowing blood.

Six animals survived initial implantation with decellular-
ized grafts, and were followed out to varying time points. To
determine the short-term behavior of decellularized grafts,
one rat was euthanized 2 weeks postoperatively, and the
graft was explanted for histological examination. The decel-
lularized umbilical artery graft remained intact and patent
after 2 weeks of implantation (Fig. 6).

For all the remaining grafts, both the cellular controls
(n=4) and decellularized grafts (n=>5) remained patent
throughout 8 weeks of study (Fig. 7A, B). There was no
rupture or observable aneurysm formation. The decellular-
ized umbilical artery had an inner diameter of about 1.5 mm
(at zero pressure) before implantation (Fig. 8A), which
matches the diameter of rat aorta (about 1mm) (Fig. 7C).
However, the graft distended in vivo immediately upon im-
plantation to approximately 4.5mm diameter (example of
explanted vessel in Figs. 7C and 8B). Due to diameter mis-
match, ultrasound examination of the aorta revealed dis-
turbed flow near the anastomosis region and a significantly
lower flow rate in the graft as compared to the native aorta.

To determine whether graft diameter remained constant
in vivo during 8 weeks of arterial implantation, we undertook
ultrasound examinations of all the decellularized grafts ev-
ery 2 weeks. We noted from in vitro perfusion of the decel-
lularized umbilical arteries that the vessels expand to 4.5 mm
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FIG. 6. Characterization of
the decellularized human
umbilical artery graft 2 weeks
after implantation. (A) H&E
staining, (B) Masson’s tri-
chrome staining for collagen,

and (C) immunostaining for o-SMA. L, vessel lumen. Original magnification, 20x; scale bar =100 pm. Arrows mark the edges
of the implanted graft. Color images available online at www liebertonline.com/ten.

diameter at a pressure of 100 mmHg (data not shown), which
we took as a starting diameter at time of implantation into
the rat aorta. From the ultrasound diameter measurements
(Fig. 8C), it is clear that the diameter of the decellularized
grafts remained constant during the 8 weeks of arterial
implantation. These data indicate that the decellularized
umbilical arteries were mechanically sound for 8 weeks, and
withstood physiological pressure in vivo without dilatation.

Thrombosis was noted at the proximal anastomosis in the
decellularized grafts (Fig. 7B) that occurred as early as
2 weeks after implantation (data not shown). Thrombosis was
not found in the mid or distal section of the decellularized
grafts. In comparison, the non-decellularized control grafts
did not develop any obvious thrombosis during the 8 weeks
of implantation time (data not shown).

Distal Aorta

Graft

Characterization of explanted umbilical artery grafts

As early as 2 weeks postoperatively, cells stained positive
for a-SMA, indicating a smooth-muscle phenotype, were
recruited outside the surface of decellularized graft (Fig. 6).
By 8 weeks postoperatively, significant amounts of collagen
matrix were still present in both the decellularized and
control grafts (Fig. 9E, F). Smooth muscle cells were recruited
both within and outside the surface of the decellularized
grafts (Fig. 9D, H). Extensive collagen matrix was found on
the luminal and abluminal surfaces of the decellularized
grafts, suggesting that rat smooth muscle cells might be re-
cruited, which then proliferated and produced collagen
matrix, contributing to mechanical integrity of the graft. It
appeared that at 8 weeks postoperatively, most cellular

Proximal Aorta

FIG. 7. Gross-examination of the perfusion-fixed human umbilical arteries 8 weeks after implantation into nude rats as
abdominal aorta interposition grafts. (A) Non-decellularized human umbilical artery; (B, C) decellularized human umbilical
artery. Arrow indicates thrombosis at the proximal anastomosis. Color images available online at www .liebertonline.com/ten.
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FIG. 8. H&E staining of the decellular-

ized umbilical arteries before implantation
(A) and explanted 8 weeks after perfusion-
fixation (B). Original magnification, 2.5x;
scale bar =1 mm. The vessel wall was C
collapsed as the vessel was contracted

before fixation (A). (C) Outer diameters of 6.00 1
the decellularized umbilical arteries im-
planted into the nude rats (#1-#4) over an - 5.00 ‘ ﬁ ﬁ E
8-week period. Color images available E
online at www .liebertonline.com/ten. E 4004 ' '
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recruitment was on the luminal and abluminal surfaces of the Discussion

decellularized grafts, while few host cells appeared to invade
the thin decellularized graft wall (Fig. 9D). Smooth muscle
cells and collagen matrix were similarly deposited on the
control non-decellularized grafts (Fig. 9E, G). Immunostain-
ing for PECAM-1 indicated the presence of endothelial cells
in both the non-decellularized controls and the decellular-
ized grafts at 8 weeks postoperatively (data not shown).
Interestingly, the control grafts appeared acellular 8 weeks
after implantation (Fig. 9C), probably due to the apoptosis of
smooth muscle cells induced by vessel wall stretching and
mechanical overloading.47 (In the umbilical cord, arteries are
embedded in Wharton’s jelly and experience much lower
pressures than those in the rat aorta.*®) The presence of
smooth muscle cells and collagen matrix on the graft surface
suggests the potential of graft remodeling over a long-term
implantation, and implies that the source of luminal smooth
muscle cells may be from the circulation, or ultimately from
the host bone marrow.

Intimal hyperplasia, or luminal tissue ingrowth, was ob-
served in both the controls and the decellularized grafts 8
weeks after surgery (Fig. 9). Compared to the control non-
decellularized grafts, the decellularized umbilical artery
grafts had a slight, but not significant (p =0.42), reduction in
the average thickness of intimal hyperplasia (Fig. 10). This
reduction in the intimal ingrowth was evident histologically
(Fig. 9G compared to Fig. 9H).

In this study, we describe the development of a small-
diameter vascular graft from human umbilical artery using
a decellularization approach. An ideal tissue-engineered vas-
cular graft should have similar mechanics to native vessels, be
resistant to thrombosis, and be nonimmunogenic. Ideally, it
should also be stored “on the shelf,” and perhaps seeded with
autologous cells before implantation. Our results show that
treating the freshly isolated, non-decellularized human um-
bilical artery with detergents followed by culture medium
incubation quantitatively removed the cellular and nuclear
materials, including MHC. The decellularized umbilical artery
retained the majority of the extracellular matrix and supported
the formation of a confluent endothelial layer in vitro, thus
potentially allowing for endothelialization with autologous
cells before implantation. The decellularized umbilical arteries
also had similar mechanical properties, including maximum
burst pressure and maximum modulus, to the native vessels.
Furthermore, the decellularized umbilical arteries were me-
chanically robust in vivo for 8 weeks as an abdominal aorta
interposition graft in the nude rat, with no obvious dilation or
aneurysm formation. These results suggest that the decel-
lularized umbilical artery might be of potential use as a small-
diameter vascular graft for bypass surgery.

The human umbilical cord reaches a length of over 50 cm,
from which two artery segments of 20-30 cm each can be easily
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FIG. 9. Characterization of the human umbilical arteries before and after implantation. H&E staining of the non-
decellularized (A, C) and decellularized vessels (B, D) before implantation (A, B) and 8 weeks postoperatively (C, D). L,
vessel lumen; IH, intimal hyperplasia. Original magnification, 20x; scale bar =100 um. Arrows mark the edges of the
implanted grafts. Masson’s trichrome of the non-decellularized (E) and decellularized vessels (F) 8 weeks after implantation.
Immunostaining for a-SMA of the non-decellularized (G) and decellularized vessels (H) 8 weeks postoperatively. Color
images available online at www liebertonline.com/ten.
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FIG.10. Average thickness of the intimal hyperplasia in the
non-decellularized (n=4) and decellularized umbilical ar-
teries (1 =4). Data are presented as mean =+ SD. No signifi-
cant difference was found between the non-decellularized
and decellularized grafts.

isolated. There are no branches along this vessel. The umbilical
artery has a uniform diameter throughout the whole length at
about 1.5 mm under collapsed conditions and 4.5-5.5 mm un-
der physiological pressure, once isolated from the cord. Native
tissues, including human saphenous veins, have been decel-
lularized and have shown potential use as small-diameter
vascular grafts;'*'729?%3% however, the human umbilical ar-
tery might represent a more attractive source in that it is
widely available and easily isolated. The decellularization
process applied in our studies was convenient and could be
easily scaled up, thus allowing the preparation of large
amounts of decellularized umbilical arteries within a few days.
Compared to other tissue engineering approaches, where
preparation of a mechanically robust vascular graft takes
weeks to months,'%!! this short production time using decel-
lularization approaches is also cost- and labor-efficient.

Although the decellularized umbilical vein is mechanically
robust in vitro,'® our experience has shown that the surgical
handling properties of the decellularized vein were not as
favorable as those of the decellularized artery. Human clin-
ical studies showed that when used as an in vivo graft, the
umbilical vein had to be reinforced with glutaraldehyde
treatment and supported with a woven Dacron mesh to
prevent vessel dilation.* In addition, the umbilical vein has a
much larger inner diameter of 3.8-5.5mm,* as compared to
the umbilical artery (1.5 mm under zero pressure). In addi-
tion, previous studies to evaluate the in vivo behavior of the
glutaraldehyde cross-linked umbilical artery in rat revealed
no endothelialization on the luminal surface, while signifi-
cant degeneration of the graft occurred.** Glutaraldehyde-
treated tissues have been known to be associated with altered
mechanics, induction of calcification, and incomplete sup-
pression of immunogenicity.'® Therefore, decellularization of
human umbilical arteries might represent a more appropriate
approach for preparing small-diameter vascular grafts.

The potential to grow, repair, and remodel might allow
the graft to optimize physical properties, promote biological
function, and minimize degradation over time. Decellular-
ized grafts have been shown to induce cell infiltration and
matrix remodeling in several animal models.****° In this
study, we observed deposition of smooth muscle cells onto
the adventitial surface of the umbilical artery graft as early as
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2 weeks after implantation, and by 8 weeks postoperatively
there was also organized collagen matrix deposition. Al-
though some previous studies have shown significant cell
infiltration into decellularized grafts by 8 weeks,****° we
did not observe obvious cell infiltration over this time frame.
These differences may be animal model dependent. In an-
other study where a decellularized pulmonary artery tissue
was implanted into a sheep, extensive cell infiltration was
not observed until 20 weeks postimplantation.”” Histological
evaluation of the explanted umbilical artery showed a very
condensed collagen matrix, which might limit the rate of cell
infiltration into the graft. It is very possible that cell infil-
tration might occur in the decellularized umbilical artery
graft over longer time points.

Intimal hyperplasia is defined as the thickening and ab-
normal expansion of the intimal layer of the vessel due to cell
proliferation and matrix deposition, and accounts for a sig-
nificant fraction of long-term graft failures.®® Mechanisms
underlying the induction of intimal hyperplasia include he-
modynamic factors such as flow disruption and injury of the
endothelial layer.so'51 Interestingly, the decellularized graft
had a trend of decreased intimal hyperplasia formation as
compared to the non-decellularized control. Intimal hyper-
plasia is thought to be induced by the migration of medial
smooth muscle cells and adventitial fibroblasts into the in-
timal region,”**>** suggesting that decellularization of the
umbilical artery might limit the cell sources for intimal
hyperplasia formation. Obviously, future studies using a dif-
ferent animal model with appropriate hemodynamic condi-
tions are required to evaluate whether intimal hyperplasia
is significantly reduced in the decellularized umbilical ar-
teries as compared to cellular grafts.

The non-decellularized control human umbilical arteries
when implanted into nude rats as abdominal grafts had no
occlusion or thrombosis. In comparison, some of the decel-
lularized umbilical artery grafts were occluded within 24h
after implantation, leading to higher mortality rate in those
animals. The decellularized umbilical artery grafts also de-
veloped various levels of thrombosis at the proximal anas-
tomosis sites during an 8-week implantation period. A
confluent endothelial layer plays an important role in im-
proving graft patency, by secreting nitric oxide, prostacy-
clins, and tissue-plasminogen activator, for example.®?"*
Hence, the tendency toward clotting and thrombosis in the
decellularized vessels as compared to the non-decellularized
umbilical arteries is likely due to the lack of an endothelium.
Because our data have shown that the decellularized um-
bilical arteries supported HUVEC seeding in vitro, future
studies will be performed to determine whether pre-seeding
the luminal surface of the decellularized umbilical artery
with an endothelial layer will prevent the early occlusion and
decrease the incidence of thrombosis.

Various approaches, including physical, chemical, and
enzymatic treatment, have been developed for tissue decel-
lularization.'” Although previous studies have demonstrated
significant DNA removal from native porcine vessels after
the treatment with CHAPS and SDS buffers,'> our data indi-
cate that the nuclear material was only completely removed
after an additional EGM-2 incubation. In our studies to further
evaluate the role of EGM-2 in decellularization, we found that
EGM-2 incubation had no effect on removing cellular proteins
from CHAPS buffer—treated and SDS buffer—treated tissues,*>
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suggesting that some nuclease activities in EGM-2 might
contribute to its DNA removal. Among the potential bio-
chemical mediators for DNA removal, fetal bovine serum, one
of the constituents of EGM-2 contains nucleases that may
facilitate removal of DNA from the tissues.*> Compared to
other decellularization methods that utilize harsh enzymatic
reagents,'® the EGM-2 incubation approach is convenient and
does not impact tissue mechanical characteristics.

To summarize, decellularization of the widely available
human umbilical artery provides a convenient and efficient
approach for developing a potential small-diameter vascular
graft. Decellularization minimizes the immunogenicity of the
resultant grafts, and allows for long-term storage. Naturally
derived extracellular matrix maintains many of the me-
chanical properties of the original tissue, and supports an
endothelial cell lining. A further assessment of the decel-
lularized umbilical artery incorporating lining the luminal
surface with endothelial cells, using a larger animal model
for an appropriate anastomotic match, and following over a
longer-term implantation, is indicated to demonstrate the
potential use of the decellularized umbilical artery as a small-
diameter vascular graft in humans.
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