
Original Article

Characterization of Endothelial Basement Membrane
Nanotopography in Rhesus Macaque as a Guide

for Vessel Tissue Engineering

Sara J. Liliensiek, Ph.D.,1 Paul Nealey, Ph.D.,2 and Christopher J. Murphy, D.V.M., Ph.D.1

Basement membranes have many features that greatly influence vascular endothelial cell function, including a
complex three-dimensional topography. As a first step in the design and development of vascular prosthetics,
we undertook a thorough characterization of the topographic features of endothelial vascular basement mem-
branes utilizing transmission electron microscopy and scanning electron microscopy. Specifically, we quanti-
tatively analyzed the topographic features present in the aorta, carotid, saphenous, and inferior vena cava
vessels in the rhesus macaque. Our results indicate that vascular basement membranes are composed of a
complex meshwork consisting of pores and fibers in the submicron (100–1000 nm) and nanoscale (1–100 nm)
range, consistent with what has previously been reported in basement membranes of other tissues. We found
significant differences ( p< 0.05) in basement membrane thickness and pore and fiber diameter depending on the
location and physical properties of the vessel. These results have relevance to our fundamental understanding of
vascular endothelial cell–matrix interactions in health and disease, evolving strategies in cell and tissue engi-
neering and the design of cardiovascular prosthetic devices.

Introduction

Over 17.5 million people, worldwide, will die from
some form of cardiovascular disease this year.1,2 Vas-

cular bypass with a patient’s own tissue can be utilized to
treat a range of cardiac disease; however, approximately
7% of patients do not have suitable vascular tissue for au-
tologous grafting due to damage from disease.3–6 To address
this issue, alternatives to autologous tissue replacement
have been developed, which include tissue-engineered
prosthetic grafts. Synthetic vascular implants, including
Dacron, expanded polytetrafluorothylene, or other polymers,
have had limited success in replacing high-flow, large-di-
ameter vessels.7–10 Limitations of these vascular replace-
ments include clinical complications involving immunologic
response and calcium deposition, as well as their lack of
growth potential.11 In addition, synthetic grafts have not
been successful for small vessel implants (<5mm), which are
particularly prone to thrombosis, resulting in complete oc-
clusion of the graft.12–14 Therefore, there is great need for
innovation in the design and development of novel cardio-
vascular prosthetics to provide a successful long-term alter-
native for clinical use in humans.15–18

To circumvent some of the recurring issues in the design
of vascular replacements, research is now focused on engi-
neering de novo vascular tissue.

Essential characteristics of the native vessel need to be
closely replicated in the prosthetic design, including proper
durability, biocompatibility, tissue integrity, and optimal
biochemical properties for cell proliferation and growth. The
vascular replacement can be categorized into three sepa-
rate, but equally important, components for consideration in
the design of vascular tissue: growth conditions, the cell-type
utilized to create the engineered tissue, and the scaffold
design.19,20 While each of these components are equally im-
portant, the biophysical environment provided by the scaf-
fold greatly influences the cell behavior and ultimately the
overall success and longevity of the engineered tissue.

Historically, reports dating back to the 1960s have
emphasized the importance of the endothelial biophysical
environment, including the basement membrane, in the
normal homeostatic state of vascular tissue. Alterations in
basement membrane components and size have been im-
plicated as an important indicator of several disease states,
including diabetes mellitus and other vascular pathologies,
and most likely influence the biophysical features, including
compliance and topography.21–26 These studies support the
proposition that the endothelial basement membrane is es-
sential for normal homeostasis of the tissue and will influ-
ence the patency of engineered vascular replacements.

Although the biochemical components that comprise the
vascular basement membrane have been well characterized
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(a mixture of constituents including elastin, collagen IV,
enactin=nidogen, heparan-sulfate proteoglycans, and lami-
nin27–31), the biophysical characterization of the endothelial
basement membrane has yet to be thoroughly examined.
Limited studies have sought to characterize the topography
of the endothelial basement membrane, which include kid-
ney,32–35 and a single report qualitatively described the to-
pographic features of the basement membrane associated
with the bovine carotid artery.34 From these studies, we know
that the molecular components that comprise the endothe-
lial basement membrane form a complex three-dimensional
topography of pores and fibers that have been shown to
impact cell shape, growth, migration, differentiation, and
proliferation of endothelial cells.36,37

Despite these initial studies a thorough characterization of
the topographic features of vascular endothelium has not
been reported. To improve clinical efficacy of vascular grafts,
we hypothesize that incorporation of biophysical cues, spe-
cifically topography and the thickness of the endothelial
basement membrane, should be critical components included
in optimization of future scaffold design.7,38–40 To address,
we have chosen to characterize basement membranes from a
variety of anatomic sites along the vascular tree. In this study,
we report the topographic features of basement membranes
from the descending aorta, left common carotid, the left
saphenous vein, and the inferior vena cava of the rhesus
macaque. These anatomic sites were chosen for topographic
analysis due to their importance in medical applications and
involvement in cardiovascular disease. The detailed quanti-
fication of vascular endothelial basement membrane topog-
raphy provides both a logical and critical starting point
for the fabrication of biomaterials with biologically relevant
feature sizes.

Materials and Methods

Animals

Vascular tissues were harvested from nine adult healthy
rhesus macaques ranging in age from 5 to 15 years and in-
cluded both male and female subjects. These animals were
sacrificed for unrelated ocular studies, and vasculature was
unaffected. Tissue samples were obtained from healthy rhesus
macaques euthanized in accordance with NIH guidelines on
Care and Use of Animals in Research in correlation with
studies performed by other investigators (Wisconsin National
Primate Research Center and the University of Wisconsin–
Madison, Madison, WI). Immediately after euthanasia, vas-
cular tissues were harvested from (1) the descending aorta,
(2) the left common carotid, (3) the left saphenous vein, and
(4) inferior vena cava. For transmission electron microscopy
(TEM) a total sample number of n¼ 6 (aorta and carotid) and
n¼ 4 (saphenous and inferior vena cava) and for scanning
electron microscopy (SEM) n¼ 5 (aorta and carotid) and n¼ 4
(saphenous and vena cava) were utilized.

Tissue preparation

Harvested vessels were prepared following previously
published protocols.41–45 Immediately after euthanasia, sam-
ples were harvested, immersed, and flushed with 1� phos-
phate buffered saline (137mM NaCl, 2.7mM KCl, 4.3mM
Na2HPO4, and 1.47mM KH2PO4) (1�PBS). To examine and

quantitate the basement membrane features of several dif-
ferent vessel locations, we needed to optimize removal of
the endothelial cells without compromising the integrity of
the underlying basement membrane. The endothelium was
removed by sonication. Specimens were placed in 15mL
conical tubes containing 1�PBS and immersed in a sonicator
to mechanically displace endothelial cells from the base-
ment membrane. The goal was to remove adequate numbers
of endothelial cells to allow for imaging of the base-
ment membrane. We delivered the lowest amount of energy
possible to minimize the introduction of confounding arti-
facts. Optimized parameters for sonication that resulted in
substantial removal of endothelium with preservation of
the underlying basement membrane were 2A delivered for
3min, (Branson 3150�; Branson Ultrasonics BV, Eemnes, The
Netherlands). Samples from both intact and denuded vessels
were then immersion-fixed for 2 h at 48C in Karnofsky’s
fixative (2% paraformaldehyde and 2% glutaraldehyde) for
TEM and SEM or 4% paraformaldehyde–PBS for light mi-
croscopy (LM).

LM and immunohistochemistry

For LM, both intact and denuded vessel samples were
rinsed in 1� PBS and submerged overnight in 20% sucrose–
PBS in preparation for freezing. Tissues were frozen in Tissue-
TekOCTusing isopentane cooledwith liquid nitrogen. Frozen
tissue was sectioned to a thickness of 6mm and mounted on
adhesive-coated aminosilane glass slides (Newcomer Supply,
Madison, WI). Sections of vessels were stained with hema-
toxylin and eosin for evaluation of morphology. For immu-
nohistochemical staining, tissue sections were placed in
�208C acetone for 5min, dried, rinsed in 1�PBS, and blocked
for 30min in 3% normal goat serum (NGS)–PBS (Sigma-
Aldrich, St. Louis, MO). Samples of aorta, carotid, saphenous,
and vena cava were stained with 50mL of a 1:40 dilution of
rabbit antilaminin in 3% NGS-PBS for 1 h followed by a 30
min incubation in goat anti-rabbit (IgG) secondary antibody
(Alexa Fluor� 594; Molecular Probes, Eugene, OR) at a con-
centration of 1:1000 in 3%NGS-PBS. In addition, sectionswere
stained with 40, 6-diamidino-2-phenylindole (DAPI; Invitro-
gen, Carlsbad, CA) to visualize cell nuclei. Each sample was
imaged using an inverted fluorescence microscope equipped
with rhodamine and DAPI filters (Axiovert 200M; Zeiss, New
York, NY). Images were analyzed using Axiovision software.

Transmission electron microscopy

Specimens of de-endothelialized and control vessels were
initially fixed at 48C for 2 h with a modified Karnovsky’s
fixative (2.5% glutaraldehyde and 2% paraformaldehyde in
0.1M Sorenson’s Phosphate Buffer), rinsed in the same
buffer, and then postfixed with 2% osmium tetroxide in
0.1M Sorenson’s PB. Next, the samples were dehydrated
through a graded ethanol series (5min each in 30%, 50%,
70%, 80%, 90%, and 100% and a final rinse for 10min in
absolute 100%), rinsed twice with propylene oxide, and then
infiltrated with a 1:1 mixture of Polybed 812 and Spurr’s
epoxy resins (Polysciences, Warrington, PA) combined with
an equal volume of propylene oxide. The samples were
tightly covered and rotated in this mixture overnight at room
temperature. The following day, the specimens were infil-
trated with 100% resin mixture on a rotator at 608C. The resin

2644 LILIENSIEK ET AL.



mixture was exchanged at 45min intervals for 4 h. Finally,
the specimens were embedded in small aluminum weighing
dishes and polymerized at 608C for 24 h.

After polymerization, the sampleswere cut out of themolds
and reoriented for sectioning. First, semithin sections (1 mm)
were collected to insure proper orientation and structural
integrity. Next, 60–90 nm sections were collected on 200 mesh
copper grids for TEM observations. Sections were contrasted
with uranyl acetate (a saturated solution of uranyl acetate in
50% EtOH) and Reynold’s lead citrate. All sectioning was
preformed with a Reichert Jung Ultracut E ultramicrotome.
Photomicrographs of the endothelial basement membrane
in cross section at several different magnifications were taken
(CM120 TEM; Philips, Eindhoven, The Netherlands). For
basement membrane thickness, five or more locations were
imaged at 31,000� from each vessel sample. Five separate
measurements were taken from each photomicrograph using
AnalySIS FIVE software (Software Imaging System, Denver,
CO). The mean and standard error (SEM) of the basement
membrane thickness for aorta, carotid, saphenous, and infe-
rior vena cava vessels were calculated.

Scanning electron microscopy

Samples from each vessel were dehydrated in graded al-
cohols (30–100%) followed by several 15min exchanges in
absolute alcohol, and critical-point dried in CO2.

46 Samples
were mounted on carbon stubs, and a 4 nm coating of plat-
inum was then applied using an ion-beam sputter (VCR
Group, San Clemente, CA). A low-voltage, high-resolution
SEM (S-4700; Hitachi Scientific Instruments, Berkshire, Eng-
land) or a LEO 15XX SEM (Leo Electron Microscopy, Cam-
bridge, England) was used at 1–15 kV to capture images
of the samples at various magnifications ranging from 1000�
to 30,000�. Twelve random measurements from at least three
separate micrographs on different locations of each vessel
sample were taken at 30,000� to calculate pore and fiber
diameter. Fiber and pore diameters were quantified using
Image J software. Measurements were pooled, and a fiber
and pore mean and SD were calculated.

Statistical analysis

The mean and standard error of the mean for basement
membrane thickness (TEM) and pore and fiber diameter

(SEM) were calculated as stated in previous sections. The
measurements from samples for each vessel-type were com-
pared using one-way analysis of variance. When analysis of
variance was determined to be significant ( p< 0.05), an un-
paired t-test was utilized to determine significance ( p< 0.05)
between groups.

Results

We elected to perform morphologic studies primarily on
nonhuman primates to eliminate possible confounding var-
iables introduced by variations in donor age, state of health,
and time to fixation intrinsic to the use of human cadaver
tissues. Flushing of the vessels followed by sonication ade-
quately removed endothelial cells while preserving the in-
tegrity of the basement membrane. Immunofluorescence
staining for a known basement membrane component, la-
minin, was utilized to confirm presence of intact basement
membrane after removal of the endothelium. In Figure 1 it
can be seen that laminin expression and the endothelial cell
nuclei were observed in control (A) and de-endothelialized
(B) carotid samples. After sonication, endothelial cells have
been displaced; however, laminin expression similar to that
seen in the control untreated samples is still observed. Si-
milar results were obtained for all other vascular tissues ex-
amined (data not shown). Our results indicate that the
basement membrane integrity was preserved upon removal
of the overlying endothelial cells.

Samples from rhesus macaque aorta, carotid, saphenous,
and inferior vena cava were prepared for both SEM and
TEM. With SEM (Fig. 2A, B), an endothelial cell can be seen
attaching to the underlying stroma through the basement
membrane. An area of low magnification was highlighted
and magnified to display the basal aspect of the cell mem-
brane adhering to the basement membrane.

We quantitated topographic features of the basement
membrane from each vessel type. Figure 3 illustrates repre-
sentative images of intact exposed basementmembrane of each
vessel type at both low (1000�) and high (30,000�) magnifica-
tion. Each of the images documents the complex three-
dimensional meshwork of pores and fibers in the nanometer
range that is similar for each basement membrane vessel type.

To fully characterize the feature dimensions and size of
the topographic features (pores and fibers) illustrated in

FIG. 1. Sonication results in adequate removal of endothelial cells with exposure of the basement membrane. Frozen
sections of control and sonicated vessels were stained with an antilaminin antibody and DAPI to demonstrate removal of
endothelial cells and preservation of basement membrane. (A) Untreated section of carotid tissue. (B) Sonicated carotid. All
images were taken at 40�.
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Figure 3, we took additional SEM images to conduct mea-
surements as previously described. The large arteries (aorta
and carotid) had strikingly similar pore and fiber diameters
as shown in Table 1. Both had pore diameters between
59� 4.5 and 63� 6 nm and fiber diameters between 31� 1

and 30� 2 nm. Relative to the arteries, both veins evaluated
had a significantly smaller pore diameter average of 49� 2
and 38� 2 nm for the inferior vena cava and saphenous vein,
respectively ( p< 0.0001). The fiber diameter of both the in-
ferior vena cava and saphenous vein were similar to the

FIG. 2. Interaction of an aortic endothelial cell with the basement membrane in an intact vessel. (A) Low-magnification
scanning electron micrographs of endothelial cell and basement membrane (scale bar¼ 3mm). The black inset marks the area
that is magnified in (B) (scale bar¼ 600 nm). In the inset in the upper right corner, scale bar¼ 200 nm.

FIG. 3. Ultrastructural basement membrane architecture is broadly similar across vessel types. Scanning electron micro-
graphs of the basement membranes from four separate vessels: aorta, carotid, saphenous, and inferior vena cava. Low-
magnification images (1000�) exhibit areas of intact endothelium (star) and exposed basement membrane (arrow): (A) aorta
(scale bar¼ 20 mm), (C) carotid (scale bar¼ 20 mm), (E) saphenous vein (scale bar¼ 20 mm), and (G) inferior vena cava (scale
bar¼ 20mm). High-magnification (30,000�) photomicrographs showing details of basement membrane topography: (B) aorta
basement membrane (scale bar¼ 600 nm), (D) carotid basement membrane (scale bar¼ 600 nm), (F) saphenous vein basement
membrane (scale bar¼ 600 nm), and (H) inferior vena cava basement membrane (scale bar¼ 600 nm).
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arteries at 24� 0.6 and 27� 1 nm. Table 1 includes the values
for basement membrane topographic features from several
different anatomic sites and species included for compari-
son. Our data indicate that the rhesus macaque vasculature
has a complex nanotopography with similar feature types
to other reported basement membranes. Quantitatively, the
values found for the vascular basement membrane corre-
spond broadly with reported nanoscale (1–100 nm) through
submicron (100–1000 nm) values of pore diameter and fi-
ber diameter taken from other species and anatomic sites
(Table 1). However, we observed a decrease in pore and fiber
diameter in our vascular samples when compared to most
other tissue sites evaluated, with the exception of porcine
aortic valve, indicating a more compact topographic surface.

Using TEM, we also investigated differences in overall
basement membrane thickness between each of the vessels
included in our studies. Initial qualitative observations of the
different vessels indicate that there are variations in the
thickness of the basement membranes. Upon qualitative ex-
amination of our images, the basement membrane of aorta
appeared to have the thickest basement membrane. In ad-
dition, the basement membrane appeared loosely organized
(Fig. 4A). Our images of carotid and inferior vena cava

Table 1. Calculation of Pore and Fiber Diameter

for Rhesus Macaque Vasculature

Tissue

Pore
diameter
(nm)

Fiber
diameter
(nm)

Rhesus macaque aorta 59� 5 31� 1
Rhesus macaque carotid 63� 6 30� 2
Rhesus macaque saphenous 38� 2 27� 1
Rhesus macaque inferior vena cava 49� 2 24� 0.6
Porcine aortic valve45 38� 24 27� 12
Rhesus macaque cornea42 71� 44 77� 39
Human cornea52 92� 34 46� 16
Matrigel�42 105� 70 69� 35

The average pore and fiber diameters were calculated from aorta,
carotid, saphenous vein, and inferior vena cava. Scanning electron
micrographs were taken at 30,000�, and measurements were taken
using Image J software. The mean and SEM were calculated. A one-
way analysis of variance was used to determine significance between
vessel pore size ( p< 0.05). An unpaired t-test was used to deter-
mine significance between saphenous and both aorta and carotid
( p< 0.0001) as well as inferior vena cava and aorta and carotid
( p< 0.0001). Previously published values in the table represent the
mean� SD.

FIG. 4. Variations in basement membrane thickness and morphology across vessel types. The following transmission
electron micrographs taken at 31,000� are representative of images utilized to determine basement membrane thickness.
Cross sections of (A) aorta (scale bar¼ 500 nm), (B) carotid (scale bar¼ 500 nm), (C) saphenous (scale bar¼ 500 nm), and (D)
inferior vena cava (scale bar¼ 500 nm) demonstrate the differences in basement membrane thickness and morphology across
vessel types. BM, basement membrane; EC, endothelial cell; ECM, extracellular matrix.
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basement membrane suggest that the basement membranes
in these two locations are also amorphous, but thinner than
what we observed for aortic tissue (Fig. 4B, D). Saphenous
vein had a distinct, thin, and more easily identifiable base-
ment membrane than observed for the other vessels (Fig. 4C).

Our TEM results suggest that there are differences in
basement membrane thickness between vessels. We followed
up this observation quantitatively by taking measurements
of basement membrane thickness on each of our high-
magnification (31,000�) transmission electron micrographs.
Results detailing the average basement membrane thick-
ness are shown in Figure 5. The mean basement membrane
thickness of aorta was the greatest at 506þ 14 nm. The rhesus
macaque carotid and inferior vena cava tissue had lower
averages of 319þ 14 and 286þ 8.2 nm. Saphenous had the
lowest average of 112þ 8.2 nm. We found statistically sig-
nificant differences ( p< 0.05) in thickness between several
vessel types as indicated in Figure 5.

Discussion

This study represents our initial efforts to characterize
the basement membrane topography and thickness of sev-
eral clinically relevant vascular tissues for applied use in en-
gineered scaffold design. In our investigation, we developed
a novel approach to the removal of endothelial cells that we
feel offers the advantage of being less disruptive than pre-
viously published methods, including dispase treatment,47

N-heptanol,48 mechanical dislodgement using air bubbles, or
an EDTA rinse.41–45,49 Although we do not achieve complete
removal of the endothelial cells with sonication, the base-
ment membrane that is exposed remains intact, as demon-
strated by the presence of laminin immunofluorescence, as
well as by SEM and TEM. Potential fixation50 and dehy-
dration51artifacts from processing tissues for SEM or TEM
have been carefully considered and addressed in previous
reports encompassing a range of different tissues (cornea,
bladder, and aortic valve) and species (human, rhesus ma-
caque, and canine), allowing us to measure the ultrastruc-
tural feature dimensions of the basement membrane.41,45

Quantitative results obtained for the vascular endothelial
basement membranes we examined broadly correspond with
our previous reports of pore diameter and fiber diameter
taken from other species and anatomic sites.42,45,52 Aorta and
carotid artery pore and fiber measurements were almost
identical; however, the inferior vena cava and saphenous
vein exhibited a significantly smaller pore diameter. Inter-
estingly, the reduced pore diameter of the saphenous vein is
similar to what has recently been reported in porcine aortic
valve.45 The heterogeneity of feature diameter measurements
from different vessels may indicate critical differences that
influence specific endothelial function for each vessel type.

Previous reports from our laboratory document that
nanoscale features mimicking basement membrane feature
sizes can promote changes in fundamental cell behaviors.53

For many behaviors such as adhesion and proliferation, the
ability to modulate these behaviors is not manifest until
feature sizes approach the biomimetic size scale. For exam-
ple, feature sizes less than 200 nm promote increased adhe-
sion and decreased proliferation in human corneal epithelial
cells.54,55 These studies illustrate that differences in the
structure of the biophysical environment may be involved in
guiding cell behavior and the importance of characterizing
the basement membrane features for future scaffold design.

In addition to the topographical analysis, we investigated
changes in basement membrane thickness between vessels.
Upon analysis we observed a great deal of variability both
within vessel samples and between vessel types. Variations
may be due to several different factors, including the species
and vascular site reported,56 the preparation and analysis of
tissue,57 or the physiological state of the tissue examined.58,59

The endothelial basement membrane can also merge with the
membranes of pericytes or smoothmuscle cells or be absent in
areas where projections from endothelial cells make contact
with the aforementioned cell types, which also accounts for
variability seen within each individual vessel type.30,60–62

Historically, investigators had difficulty in identifying and
quantitating measurements from the larger vessels that con-
tain less defined, loosely arranged basement membrane zones
when compared to smaller vessels such as capillaries.60,61,63

At first, our quantitative results on the basement membrane
thickness of the rhesus macaque aorta appeared to be twofold
larger than what has been reported for other vascular tissues.
However, several groups have also reported a wide basement
membrane up to 900 nm in other larger vessels.64,65 Results
obtained for carotid, inferior vena cava, and saphenous were
within the reported range of other vessel types.

Our results on vascular basement membrane thickness of
normal tissue are important because most of the studies
published on variations in thickness to date have focused on
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FIG. 5. Basement membrane thickness is significantly dif-
ferent across vessel types. Basement membrane thickness
was calculated from transmission electron micrographs of
each sample taken at 31,000�. Three separate areas from each
tissue sample were imaged, and five random areas on each
micrograph were measured. From the data, the mean and
standard error of the mean were calculated. A one-way
analysis of variance was used to determine the significance
between groups ( p< 0.05). An unpaired t-test was utilized to
determine significance between selected comparisons (re-
presented by asterisks). Significant differences were deter-
mined between aorta and saphenous ( p< 0.0001), aorta and
inferior vena cava ( p< 0.0001), and carotid and saphenous
( p< 0.0001).
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vascular tissues in a diseased state. Examples include vessels
found in tumors, changes in glomerular endothelial base-
ment membrane in diabetes mellitus,21,22,56,57 or vascular
injury due to smoking65with significant thickening up to 5mm
in width of the basement membrane zones reported.64,65

Changes in the thickness of the basement membrane zone
most likely impact the physical features, including topogra-
phy and compliance, which then in turn impacts the overlying
endothelial cell behavior ‘‘tuning’’ it to a specific environ-
mental niche or vessel type. Characterization of the normal
basementmembrane is therefore essential to begin to elucidate
the impact of changes in the basement membrane, as it is re-
lated to a particular disease state and for the intelligent design
of vascular replacements that can be applied in a variety of
both normal and pathological circumstances.

Several groups have attempted to introduce native base-
ment membrane into their design of vascular replacements.
Decellularized veins from both canine and porcine models
have been utilized as a scaffold.66 Canine vessels that were
denuded of cells had similar properties, including in vitro
burst and suture holding, when compared to native intact
vessels.67 Amniotic membrane may also be considered a
potential source for scaffolding material,68 as it can serve as a
scaffold for cell proliferation and differentiation, has anti-
microbial and anti-immunogenic properties, and can be eas-
ily obtained. The overlying endothelial cells on the amniotic
membrane exhibited more in vivo–like endothelial mark-
ers when compared to growth conditions on tissue culture
plastic. These markers include enhanced platelet-endothelial
cell adhesion molecule 1, adhesion molecule VE-cadherin at
the intercellular junctions, and increased b1 integrin.69 Al-
though the results from all of the aforementioned studies are
promising, these scaffolds still rely on acquisition of donated
materials.

To avoid the use of donated tissue, researchers have
sought to incorporate features of basement membranes, such
as topography into their vascular replacement design. Ide-
ally, the fabricated tissues provide environmental cues that
mimic the basement membrane for vascular endothelial cell
function. Promising results have been obtained using elec-
trospun nanofibers from biological proteins, including silk
fibroin, type I collagen, or elastin, which mimic the feature
sizes of basement membrane observed in vivo.70–76 For ex-
ample, human aortic endothelial cells plated onto fibrous
scaffolds (containing fibers in the range of 170 to 890 nm)
exhibited cell-specific markers as measured by VE-cadherin,
PECAM-1, von Willebrand Factor, normal proliferation, and
formation of extracellular matrix. Other basement membrane
components have been incorporated into scaffold design by
modifying polypeptide from yeast translation termination
factor protein that can self-assemble into nanofibers and
improve endothelial cell adhesion. The result of this process
yields a porous hydrogel that has been used as a coating
material for vascular tissue.77

Despite all of the work mentioned attempting to incor-
porate basement membrane characteristics into the scaffold
design, they have all taken a one-size-fits-all approach. None
of the previously mentioned reports have characterized the
biophysical features of the basement membrane of the spe-
cific vessel they are attempting to replace. The subtle varia-
tions in topography and thickness observed demonstrate the
heterogeneity that exists between the biophysical features of

basement membrane between large and small vessels. In-
corporating the physical features of basement membrane, we
have successfully measured in this report could enhance
vessel strength, stability, patency, and overall success by pro-
viding appropriate environmental and organizational cues
for cells within the vascular replacement.

We believe that our data on nanotopographic features and
basement membrane thickness provide a rational starting
point for the design and fabrication of biomaterials with bio-
mimetic surface features. Our goal is to design substrates that
mimic the nanoscale to submicron surface features present in
native vascular endothelial basementmembranes to study the
interaction of vascular endothelial cells with topographic
features. Our hope is that these studies will lead to a better
understanding of the interplay between endothelial cells and
their native basement membrane. In addition, the results of
these studies will contribute to the development of novel
strategies in cell and tissue engineering and will advance the
development of cardiovascular prosthetics.
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