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Abstract

This study examines the spreading and adhesion of human umbilical vein endothelial cells (HUVEC) on artificial extracellular
matrix (aECM) proteins containing sequences derived from elastin and fibronectin. Three aECM variants were studied: aECM 1
contains lysine residues periodically spaced within the protein sequence and three repeats of the CS5 domain of fibronectin, aECM 2
contains periodically spaced lysines and three repeats of a scrambled CS5 sequence, and aECM 3 contains lysines at the protein
termini and five CS5 repeats. Comparative cell binding and peptide inhibition assays confirm that the tetrapeptide sequence REDV
is responsible for HUVEC adhesion to aECM proteins that contain the CS5 domain. Furthermore, more than 60% of adherent
HUVEC were retained on aECM 1 after exposure to physiologically relevant shear stresses (p100 dynes/cm2). Finally, the levels of
thrombogenic markers (tissue plasminogen activator and plasminogen activator inhibitor–1) secreted by HUVEC monolayers on
aECM 1 were found to be similar to those secreted by HUVEC monolayers cultured on fibronectin. These characteristics, along with
the physical strength and elasticity of crosslinked films prepared from these materials, make aECM proteins promising candidates
for application in small-diameter vascular grafts.
r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

A promising new approach to engineered biomaterials
involves the design and synthesis of polypeptides that
mimic the essential properties of naturally occurring
proteins. The fidelity and efficiency of bacterial produc-
tion systems allow highly specialized artificial proteins
to be obtained in good yield [1–3]. By this approach, we
have prepared several artificial extracellular matrix
(aECM) proteins with the objective of achieving the
mechanical and biological properties needed for use in
small-diameter vascular grafts [4,5]. Current polymeric
materials used for small-diameter (i.e. smaller than
5mm) vascular grafts fail rapidly due to occlusion upon
implantation [6–8].

The aECM proteins examined in this work are shown
in Fig. 1. Each includes elastin-like repeats comprising
the pentapeptide VPGIG, interspersed with the CS5
domain of fibronectin (the CS5 sequence in aECM 2 is
scrambled to provide a negative control substrate for
cell-binding studies). The elastin-like sequences give
these materials elasticity and mechanical integrity [5,9]
while the CS5 domains provide cell adhesion signals [4].
Lysine residues were incorporated into each sequence,
either within the elastin-like domains (aECM 1 and 2) or
near the C-and N-termini (aECM 3), to allow site-
specific crosslinking without interruption of the CS5
binding domains. A T7-tag leader sequence is included
to increase expression levels and to aid in protein
detection. A hexahistidine tag was incorporated into
aECM 1 and 2 as an alternate method of purification
along with an enzymatic cleavage site to remove the
fusion sequences.

Mechanical integrity is an obvious design criterion for
a successful vascular graft material. Crosslinked films of
aECM 1–3 have been shown to exhibit Young’s moduli
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comparable to those of native elastin (0.3–0.6MPa)
([5,9,10] and K. A. DiZio, P. J. Nowatzki, D. A. Tirrell,
unpublished results). Furthermore, the mechanical
properties can be controlled by manipulating the
molecular weight between lysine residues [5], the extent
of crosslinking, and the choice of crosslinking chemistry.
These tuning parameters could be used to fabricate
freestanding, implantable grafts of crosslinked aECM
proteins with mechanical properties similar to those of
the surrounding tissue. Current synthetic graft technol-
ogy utilizes expanded poly(tetrafluoroethylene) and
poly(ethylene terephthalate), both of which yield grafts
characterized by low mechanical compliance. The
mismatch in mechanical properties between these
synthetic grafts and the host blood vessel is thought to
contribute to smooth muscle cell migration into the graft
and eventual graft failure [11].

A second design criterion for vascular graft materials
is appropriate biological interaction with the host tissue.
Endothelial cell adhesion remains an elusive goal in the
engineering of all synthetic vascular grafts [12,13]. In
healthy blood vessels, endothelial cells form a mono-
layer along the luminal surface of the tunica intima. The
endothelium provides a non-thrombogenic surface for
blood contact, and secretes several autocrine and
paracrine molecules that regulate the vascular environ-
ment [14]. Current synthetic graft materials do not
support re-establishment of an endothelial cell layer
subsequent to implantation, and are subject to eventual
thrombosis and loss of graft patency [6–8].

To encourage endothelial cell binding, the CS5
segment of fibronectin has been incorporated into the
aECM proteins examined in this work. Previous studies
have identified the CS5 segment, located within the
alternatively spliced IIICS region of fibronectin, as a
ligand for the a4b1 integrin [15]. Integrin binding is
attributed to the internal REDV peptide sequence [16].
The peptide GREDVY, when grafted to a glass
substrate was shown to promote endothelial cell
attachment while remaining non-adhesive to smooth
muscle cells and platelets [17]. Although initial attempts

to incorporate the REDV sequence into elastin-like
polypeptides did not yield adhesive substrates [18],
inclusion of the longer CS5 domain has afforded more
positive results. Previous work on a related series of
aECM proteins has shown that increasing the density of
CS5 domains increases endothelial cell binding to the
protein [4]. The goal of this work is to characterize the
spreading and adhesion of endothelial cells on aECM
proteins containing periodic CS5 domains to determine
the suitability of these materials for use in small-
diameter vascular grafts.

2. Materials and methods

2.1. Protein expression and purification

For aECM 1 and 2, standard protocols for DNA
manipulation, bacterial growth, protein expression,
SDS-PAGE and Western blotting were used [19]. The
requisite coding sequences were cloned into pET28
(Novagen, Madison, WI) and protein synthesis was
induced under T7 promoter control in the expression
host BL21(DE3)pLysS (Novagen). Expression was
carried out in a 10 l Bioflow 3000 (New Brunswick,
Edison, NJ) fermenter with Terrific Broth as the
expression medium. A 400ml overnight culture was
used for inoculation of the fermentation medium. The
pH was maintained at 7.2 and the temperature at 37!C.
The culture was induced at an OD600 of 5–6 with 2.5mm
b-isopropyl thiogalactoside (CalBiochem, La Jolla, CA)
and expression was allowed to continue for 2–3 h (final
OD600=13–18). Cells were harvested by centrifugation
to yield an average of 200 g wet cell mass per
fermentation run. The wet cell mass was re-dispersed
in TEN buffer at a concentration of 1 g/ml, frozen, and
then defrosted at 4!C with addition of 1.0 ng/ml
DNAse, 1.0 ng/ml RNAse, and 50 ng/ml PMSF. The
solution was centrifuged (2 h, 35,000g, 4!C) to separate
soluble and insoluble fractions. The supernatant was
brought to pH 9 and 1m NaCl at 4!C, and then allowed

ARTICLE IN PRESS

aECM 1:
M-MASMTGGQQMG-HHHHHHH-DDDDK-{LD-GEEIQIGHIPREDVDYHLYP-G[(VPGIG)2VPGKG(VPGIG)2]4VP}3-LE

aECM 2:
M-MASMTGGQQMG-HHHHHHH-DDDDK-{LD-GEEIQIGHIPREVDDYHLYP-G[(VPGIG)2VPGKG(VPGIG)2]4VP}3-LE

aECM 3:
M-MASMTGGQQMG-RKTMG[LD-GEEIQIGHIPREDVDYHLYP-G(VPGIG)25VP]5-LEKAAKLE

T7 tag

T7 tag

T7 tag

His tag
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Cleavage
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Fig. 1. Amino acid sequences of the aECM proteins. Each sequence contains a T7 tag to aid in protein expression and detection. aECM 1 and 2
contain a hexahistidine tag, an enzymatic cleavage site, and three cassettes of the CS5 binding domain interspersed with elastin-like repeats that
contain lysine sites for crosslinking. In aECM 2, the minimal recognition sequence within the CS5 binding domain has been scrambled to provide a
negative control. aECM 3 contains five cassettes of the CS5 binding domain interspersed with twenty-five elastin-like repeats. These cassettes are
flanked by lysine residues for site-specific crosslinking.

S.C. Heilshorn et al. / Biomaterials 24 (2003) 4245–42524246



to equilibrate to 37!C before another centrifugation
(2 h, 35,000g, 37!C). This pellet was re-dispersed in
distilled water, brought to pH 9, 1m NaCl at 4!C and
centrifuged (2 h, 35,000g, 4!C). The supernatant was
then warmed to 37!C and centrifuged (2 h, 35,000g,
37!C). This process was repeated twice with the pellet
from this step. The final pellet was re-dispersed in
distilled water, dialyzed for 3 days at 4!C, and
lyophilized to retain the purified product. Purity was
assessed by SDS-PAGE, western blotting, amino acid
analysis, and mass spectrometry. The expression and
purification of aECM 1 were reported previously [5].

2.2. Lipopolysaccharide quantitation

The quantity of lipopolysaccharide (LPS), a gram-
negative bacterial endotoxin, contaminating the final
preparation of the aECM protein was determined using
a limulus amebocyte lysate gel-clot assay (LAL, Associ-
ates of Cape Cod, Falmouth, MA).

2.3. Cell maintenance

Human umbilical vein endothelial cells (HUVEC)
were purchased from Clonetics and maintained in
endothelial growth medium-2 (EGM-2, 2% serum,
Clonetics, Walkersville, MD). Cells were kept in a
humidified, 5% CO2 environment at 37!C and passaged
non-enzymatically using a 0.61mm EDTA solution
(Gibco, Grand Island, NY). Cells between passages 3
and 8 were used for all experiments.

2.4. Substrate preparation and characterization

An aECM protein solution, 1mg/ml in phosphate
buffered saline (PBS), was spread evenly on the
experimental surface (i.e., glass slides, 96-well plates,
or tissue culture-grade polystyrene Petri dishes). The
protein was allowed to adsorb for 1 h at 4!C. The
surfaces were then rinsed three times with PBS at 4!C.
An anti-T7-tag antibody conjugated to horseradish
peroxidase was utilized to confirm the homogeneity of
protein adsorption. Fibronectin films were prepared in a
similar fashion from a 10 mg/ml solution in PBS.
Blocking of non-specific interactions was achieved by
immersing substrates in a 0.2% bovine serum albumin
(BSA) solution (in PBS), which had been heat treated at
85!C for 10min. The BSA was allowed to adsorb for
30min at room temperature before the surface was
rinsed three times with PBS. BSA alone was used as a
negative control substrate.

2.5. Phase contrast density slicing

Freshly harvested HUVEC at a cell density of
1" 104 cells/cm2 were plated on microscope slides

coated with fibronectin or with one of the aECM
proteins. Samples were incubated with serum-free
EGM-2 at 37!C and 5% CO2 for one hour. Samples
were viewed using phase contrast microscopy and
imaged at five locations using a CCD video camera
(Sony, Model DXC-151A). Digital images were ana-
lyzed using NIH Image (public domain software
available at http://rsb.info.nih.gov.nih-image/). Images
were density sliced twice to differentiate cells that were
refractive (i.e., not spread) from those that were dark in
color (i.e., adherent). Five samples of each substrate
were analyzed and each sample contained at least 100
cells.

2.6. Comparison and inhibition of endothelial cell binding
to aECM proteins

All binding assays were carried out with HUVEC
suspensions of 4" 105 cells/ml in serum-free EGM-2. A
colorimetric microassay on 96-well plates was adapted
from previous studies [20]. Wells were coated as
described above, and 0.1ml of cell suspension was
added to each well along with 0.1ml serum-free EGM-2.
For peptide inhibition assays, peptides were added
directly to the wells at a final concentration of 1.7–
2.9mm. REDV, GREDVY, PREDVDY, GREDVDY,
and GREVDDY peptides (>95% purity) were pur-
chased from Commonwealth Biotechnologies (Rich-
mond, VA). Following incubation at 37!C and 5%
CO2 for 30min, the supernatant was removed, and the
wells were rinsed three times with PBS at 37!C to
remove non-adherent cells. Following fixation of the
adherent cells with 70% ethanol for 10min, the ethanol
was aspirated and a 0.1% solution of crystal violet in
distilled water was added to the cells. After staining
for 25min, the cells were rinsed five times with
distilled water, and the crystal violet that was
adsorbed on the adherent cells was solubilized with
0.2% Triton X-100. After 5 h of stain extraction,
the optical density at 595 nm was measured on a
SpectraMax Plus 384 plate reader (Molecular Devices,
Sunnyvale, CA). The method was validated by a
control study in which cell-seeding density was linearly
related to optical density. In each experiment, o5% of
seeded HUVEC were adherent to the BSA negative
control.

2.7. Cell detachment by shear stress

In order to examine the attachment strength of
HUVEC to various substrates, a flow chamber was
built based on the design by Usami and coworkers [21].
The induced flow field is based upon the low-Reynolds
number, Newtonian-gap flow associated with Hele–
Shaw cells. Based on this flow field, a linear shear stress
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where Q is the flow rate, m is the fluid viscosity, h is the
gap width between the two plates, and the dimensions z;
L; and w are the lengths along the z-axis, the total
chamber, and the entrance width, respectively. The
chamber geometry was validated by measuring the
observed total pressure drop across the chamber using
a manometer and relating to the theoretical pressure
drop, Dp; as calculated from the experimental flow rate:

Dp !
6mQL
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The flow chamber was incorporated into an auto-
clavable, non-cytotoxic, and non-pyrogenic flow system.
The system flow rate was controlled using a variable,
multi-channel peristaltic pump, and the entire system
was contained within a constant temperature environ-
mental chamber at 37%C. The maximum flow rate
employed was 7ml/min, corresponding to a maximum
shear stress of 200 dynes/cm2. The flow chamber was
mounted on the stage of an inverted microscope while a
CCD video camera allowed recording of all events
within the video field.

Substrates were prepared and HUVEC were har-
vested and seeded as described above. After incubation
for 1 h, HUVEC-seeded microscope slides were
mounted and secured in the flow chamber. At time
zero, images were taken at 5-mm intervals along the z-
axis of the chamber. HUVEC were then exposed to
shear flow for 2min. This interval was chosen on the
basis of previously reported observations showing that
the majority of detachment takes place in the first 30 s
[22]. This observation was confirmed by monitoring
HUVEC detachment levels during a period of 15min of
flow. After the flow was stopped, the z-axis was again
imaged at 5-mm intervals. The initial attachment value
is an absolute number obtained by counting the number
of cells visible after loading the slide and prior to shear
stress exposure. The percent detachment was found by
subtracting the number of cells visible after flow from
the initial attachment value and then normalizing to the
initial attachment value. All flow conditions were tested
in quadruplicate.

2.8. Secretion of tPA and PAI-1

Freshly harvested HUVEC were plated on clean
polystyrene dishes and dishes coated with fibronectin
or with one of the aECM proteins at a cell density of
1& 104 cells/cm2 and grown to confluence in EGM-2.
Once the cells reached confluence, half of the dishes were
challenged by the addition of LPS (serotype O55:B5,
Sigma) to a final concentration of 10 mg/ml. Samples of
media were taken from each dish at 1, 6, 12, 24, and

72 h. The levels of tissue plasminogen activator (tPA)
and plasminogen activator inhibitor (PAI-1) secreted by
HUVEC were determined using ELISAs (American
Bioproducts, Parsippany, NJ). Each culture condition
was repeated in triplicate. Measurements are reported as
mass/105 cells/min assuming a confluent monolayer
contains 1& 105HUVEC/cm2.

3. Results

3.1. Synthesis and analysis of aECM proteins

aECM 1 and 2 were both expressed at 0.3 g/l, while
expression of aECM 3 consistently yielded about 0.6 g/l
of protein. The purity of each protein was confirmed by
SDS-PAGE, Western blotting, and mass spectrometry.
Furthermore, the amino acid analysis of each sequence
was within 1% of the expected value for each residue.
Using LAL assays of several fermentation batches, LPS
contamination was determined to be in the range of
0.065–0.115EU/mg protein.

3.2. HUVEC adhesion to aECM proteins

Initial endothelial cell response to aECM 3 was
probed using phase contrast density slicing as described
in Section 2.5 After incubation on aECM 3 for 1 h,
9175% of HUVEC displayed spread morphologies as
judged by phase contrast microscopy. This result was
nearly identical to the fraction of cells (9471%) found
to spread on fibronectin.

In order to test the hypothesis that cell adhesion to
aECM 1 and aECM 3 is dependent on the CS5 domain,
two comparative cell-binding assays were performed.
First, we compared cell adhesion to aECM 1 and 2,
which contain authentic and scrambled CS5 sequences,
respectively. After 30min of incubation, the number of
HUVEC adherent to aECM 1 was ca. seven-fold greater
than the number adherent to aECM 2 (Fig. 2),
confirming the role of the authentic cell-binding domain.
Second, we examined inhibition of endothelial cell
binding by soluble peptides containing the REDV
sequence. Although several peptides were used as
potential binding inhibitors to aECM 3, only one,
GREDVDY, resulted in significant inhibition (see
Section 4). Because of passage-to-passage variability in
overall cell adhesion, the data are presented as the
number of cells adherent under a given set of conditions
relative to the number of cells adherent to fibronectin
from that same passage. After treatment with 1.8mm
GREDVDY, HUVEC adhesion to aECM 3 was
reduced from 77710% to 271%, which corresponds
to 9771% inhibition. No inhibition of adhesion to
fibronectin was observed (Fig. 3). No inhibition of
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adhesion on either substrate was observed upon treat-
ment with the negative control peptide, GREVDDY.

3.3. HUVEC adhesion under physiologically relevant
shear stresses

Parallel plate flow chamber studies were conducted to
determine the shear stresses required to detach HUVEC
cultured on various substrates. At shear stresses above
75 dynes/cm2, more than 90% of HUVEC adherent to
BSA were detached (Fig. 4). Below a shear stress of
100 dynes/cm2, approximately 60% of HUVEC re-
mained adherent to aECM 3. Almost no HUVEC
detachment from fibronectin was observed at shear
stresses up to 150 dynes/cm2.

3.4. Secretion of fibrinolytic regulators

HUVEC seeded on polystyrene, fibronectin, and
aECM 3 at 1! 104 cells/cm2 required 4 days of
proliferation to reach confluence; no differences in
proliferation rates were observed for these substrates.
The basal levels of tPA and PAI-1 secreted from
HUVEC monolayers were determined by collecting
medium samples over a span of 3 days. PAI-1 secretion
by HUVEC monolayers on aECM 3 was found to be
0.17–0.90 ng/105 cells/min while the tPA range was 3.6–
12.3 pg/105 cells/min. These secretion levels were similar
to those observed for HUVEC cultured on polystyrene
and on fibronectin (Table 1). Furthermore, these values
are very similar to previously published basal secretion
levels of HUVEC on collagen also reported in Table 1
[23]. In order to test the possibility of HUVEC
activation due to LPS contamination of the aECM
proteins, HUVEC monolayers were challenged with an
amount of LPS known to increase PAI-1 secretion [24].
In all LPS challenge experiments, HUVEC monolayers
on polystyrene in the absence of LPS were included
as a control, and the secretion level in response to
LPS is quantified as a fraction of that observed for the
control sample. HUVEC monolayers on aECM 1 and
on polystyrene showed approximately three-fold in-
creases in PAI-1 secretion 72 h after LPS activation
(Fig. 5). PAI-1 secretion by LPS-activated mono-
layers on fibronectin was similar (data not shown).
No increase in PAI-1 secretion was detected at any
time from HUVEC cultured on aECM substrates
in the absence of added LPS (Fig. 5). As expected,
secretion levels of tPA were not affected by LPS
activation on any of the substrates [24] (data not
shown).
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Fig. 2. Percentage of adherent HUVEC on aECM 1, containing the
REDV sequence, and aECM 2, containing the REVD sequence,
normalized to aECM 1 after blocking with BSA, incubation for
30min, and three washes. Data represent one of four similar
experiments. Error bars represent one standard deviation. Fewer than
5% of HUVEC adhered to the BSA negative control substrate in all
experiments.
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Fig. 3. Percentage of adherent HUVEC on fibronectin and aECM 3
relative to fibronectin in the absence and presence of competitive
peptides (1.8mm) after blocking with BSA, incubation for 30min, and
three washes. Data represent one of four similar experiments. Error
bars represent one standard deviation. Fewer than 5% of HUVEC
adhered to the BSA negative control substrate in all experiments.
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Fig. 4. Percentages of HUVEC on fibronectin (m), aECM 3 (J), and
BSA (’) that remain adherent after shear stress exposure for 2min.
Data represent averages of three experiments. Error bars represent one
standard deviation.
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4. Discussion

The results of HUVEC culture on aECM proteins
suggest that these materials exhibit several properties
required for application in small-diameter vascular
grafts. To examine the sequence-specific nature of
HUVEC adhesion to aECM proteins, a series of
competitive binding experiments was performed.
Although four peptides were evaluated (see Section 2),
only one, GREDVDY, was found to inhibit binding.
These results suggest that short peptides containing the
REDV minimal binding sequence may not be effectively
recognized by endothelial cells, owing perhaps to their
conformational preferences. This may explain why
previous attempts to insert the REDV minimal binding
sequence into elastin domains resulted in non-adhesive
substrates [18]. Incorporation of the entire CS5 region
into aECM proteins appears to allow the binding
sequence to adopt a recognizable conformation. The

specific nature of the cell binding is indicated by the fact
that scrambling the REDV sequence (either within the
aECM protein or in the putative inhibitory peptide)
eliminates the observed effects of integrin recognition.

Considerable research has been devoted to the
technology of seeding vascular grafts with endothelial
cells prior to implantation [25–27]. However, the
majority of seeded cells are washed away once blood
flow is restored to the graft. Therefore, the ability of
endothelial cells to withstand exposure to shear stress
might enhance the viability of pre-seeded vascular
grafts. Endothelial cell attachment strength to aECM 3
was sufficient at physiological shear stresses
(p100 dynes/cm2) to retain more than 60% of cells
adherent at zero shear. The mean wall shear stress in
large arteries of uniform geometry is generally 20–
40 dynes/cm2 [28]. However, in regions of non-uniform
geometry (branches and arches) transient shear stresses
in excess of 100 dynes/cm2 have been reported during
episodes of increased blood flow [28–30]. The results
shown here suggest that aECM proteins may enhance
endothelial cell retention if used in pre-seeded vascular
grafts. Ongoing studies address the ability of aECM
proteins to support endothelial cell migration. If aECM
proteins can effectively support migration, pre-seeding
of grafts may not be required. Properly engineered
materials might also recruit endothelial cells circulating
within the vascular system [31,32].

Endothelial cells are important regulators of the
vascular environment, affecting fibrinolysis, leukocyte
migration, and smooth muscle cell contraction [33,34].
The fibrinolysis pathway controls the kinetics of blood
clot formation and dissolution through the activation of
plasmin, a potent protease with wide substrate specifi-
city. Plasmin activity must be strictly controlled by
plasminogen activators and inhibitors, including tPA
and PAI-1 [35]. The primary source of tPA in vivo is
secretion by endothelial cells. Because the basal and
activated levels of tPA and PAI-1 secretion by HUVEC
on aECM proteins are similar to those on fibronectin, it
is reasonable to anticipate that endothelial cells cultured
on such substrates will retain their fibrinolytic char-
acteristics. Furthermore, HUVEC monolayers cultured
on aECM proteins do not exhibit an LPS-activated
phenotype, as evidenced by their failure to show the
increase in PAI-1 secretion characteristic of LPS-
challenged endothelial cells [21]. This is further evidence
that the low levels of LPS in aECM proteins do not
prohibitively affect HUVEC phenotype.

Direct determination of LPS in purified aECM
proteins revealed residual low levels of endotoxin in
the range 0.065–0.115EU/mg. Because the FDA limit
on LPS for vascular grafts is specified in terms of the
amount of LPS in a water-rinse of the device, it is
difficult to determine the maximum implantable
mass based on measurements on the soluble protein.
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Table 1
Secretion levels of tPA and PAI-1 by HUVEC monolayers on various
substratesa

tPA (pg/105 cells/min) PAI-1 (ng/105 cells/min)

Tissue-culture
polystyrene

4.3–8.5 0.20–0.94

Fibronectin 10.7–12.8 0.72–0.77
aECM 3 3.6–12.3 0.17–0.90
Collagen 3.5–11.8b 0.21–0.56b

aSecretion of tPA and plasminogen activator inhibitor (PAI-1) by
HUVEC monolayers on tissue-culture polystyrene, fibronectin, and
aECM 3 were measured using ELISAs. Ranges represent the averages
of several experiments using media collected from different passages of
HUVEC and at various times between 1 and 72 h.

bData for collagen substrates were taken from Iba et al. [23].
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Fig. 5. PAI-1 secretion at 1, 6, 12, 24, and 72 h by HUVEC
monolayers on tissue-culture polystyrene (TCP) and on aECM 3 in
the absence and presence of LPS (10 mg/ml). Data are represented as
fractions of the control, i.e., secretion from monolayers cultured on
polystyrene without LPS activation, and are averages of three
experiments. Error bars represent one standard deviation.
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However, a conservative estimate can be made on the
basis of the FDA limit (5 EU/kg/min) for drugs, which
allows administration of 350EU of LPS, assuming a
body mass of 70 kg [36]. Given the measured levels of
LPS in purified samples of aECM 1–3, the FDA limit
would allow implantation of gram quantities of such
polymers, quantities adequate for fabrication of small-
diameter vascular grafts composed entirely of free-
standing, crosslinked aECM proteins. Further analysis
of crosslinked aECM films and devices will be required
to verify this assertion.

Elastin-based materials containing GVGVP repeats
have been subjected to extensive in vivo testing and have
performed well in assays of mutagenicity, toxicity,
antigenicity, pyrogenicity, and thrombogenicity [37].
Furthermore, GVGVP coatings on silicone rubber have
been shown to elicit low cytokine secretion from
monocytes and to reduce fibrous encapsulation by
33% compared to silicone rubber alone [38]. These
results suggest that aECM proteins may exhibit desir-
able biocompatibility characteristics in vivo. This
hypothesis is being explored in ongoing in vivo studies.

5. Conclusion

A modular design approach to artificial ECM
proteins has been successfully demonstrated. The
proteins examined here exhibit properties of elastin
and fibronectin, the two natural ECM proteins upon
which the sequences were based. This approach to
protein engineering should yield not only novel bioma-
terials for use in implantable devices as demonstrated
here, but also tissue engineering scaffolds and well
characterized substrates for basic research in cell
biology.
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