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ABSTRACT: Substrates that selectively encourage the
growth of specific cell types are valuable for the
engineering of complex tissues. Some cell-selective
peptides have been identified from extracellular matrix
proteins; these peptides have proven useful for bio-
materials-based approaches to tissue repair or regener-
ation. However, there are very few examples of synthetic
materials that display selectivity in supporting cell growth.
We describe nylon-3 polymers that support in vitro culture
of endothelial cells but do not support the culture of
smooth muscle cells or fibroblasts. These materials may be
promising for vascular biomaterials applications.

Synthetic biomaterials have been widely studied for
biomedical applications, including regenerative medi-

cine.1−15 Some limitations intrinsic to the use of naturally
derived materials, such as susceptibility to biodegradation, high
cost of production, and possible contamination, can be overcome
with synthetic biomaterials.16−28 However, unnatural materials
lack specific cell-binding motifs, and cellular interactions with
these materials often depend upon adsorbed proteins.29−31

Efforts to control cell adhesion to synthetic materials typically
involve modification with specific proteins or molecular motifs
derived from extracellular matrix (ECM) components, such as
the arginine-glycine-aspartic acid (RGD) segment from
fibronectin.18,19,23,32−38 Peptides that are selectively adhesive
toward a specific cell type can be advantageous in this context.
Such peptides might enable the segregation of different cell types
into defined areas, in order to mimic a natural structure (e.g., a
blood vessel), or to inhibit undesired cell adhesion on a construct
implanted in vivo (e.g., blocking smooth muscle cell (SMC)
population of a vascular graft bearing a pre-established
endothelial cell (EC) layer). However, to date only a few cell-
selective peptides have been identified,39−43 all derived from
ECM components. These peptides must be tethered to the
biomaterial surface and are susceptible to degradation under cell
culture conditions.44 Moreover, both the activity and selectivity
of such peptides can depend on tethering details, such as the
length and chemical nature of the linker and the density of
surface functionalization.45 Approaches that do not rely on
naturally-derived cell-selective motifs are rare.46−48

Our approach to finding cell-selective synthetic materials
focuses on nylon-3 polymers (poly-β-peptides), which have
previously been shown to display intriguing biological proper-
ties,49−52 including potential tissue engineering utility.30,53,54

The amide-rich nylon-3 backbone is similar to that of proteins,
but nylon-3 materials resist protease action. Synthesis involves

anionic ring-opening polymerization of β-lactams.55 Nylon-3
homopolymers or copolymers are far easier to synthesize than
are sequence-specific peptides.
We wondered whether we could identify a nylon-3 polymer

that would promote the adhesion and growth of ECs without the
need to append specific peptide motifs. Such a material might
ultimately be useful as a coating that would promote the
formation of an EC layer on the surface of a vascular graft or stent
before implantation. The coating material would be particularly
valuable if it discouraged the growth of fibroblasts and SMCs,
because invasion of the EC layer on an implant by these types of
cells can lead to occlusion of blood vessels and failure of a graft or
stent.56−59

For initial cell adhesion screening, we selected several nylon-3
copolymers (Figures 1 and S1) from a previously reported set.54

Each sample was generated by copolymerization of two β-
lactams, one that leads to a hydrophobic nylon-3 subunit (CPβ,
CHβ,COβ, orCDβ) and another that leads to a cationic nylon-3
subunit after side chain deprotection (MMβ or DMβ).54 In
addition, we examined cationic homopolymers generated from
MMβ or DMβ. These polymers all contain an N-terminal
sulfhydryl group, which enables covalent attachment to a glass
surface that bears maleimide groups (Figure S2). Previous
adhesion evaluation with NIH 3T3 fibroblasts yielded a range of
behaviors, with some nylon-3 polymers supporting excellent
adhesion and cell morphology and others showing poor adhesion
and morphology.30 Poly-DM seemed to be particularly poor in
terms of promoting fibroblast growth (Figure S3), which led us
to focus on this nylon-3 polymer in our search for EC selectivity.
Nylon-3 chain length can influence interactions between cells

and surfaces bearing immobilized polymers;54 thus, poly-DM
samples with four different average lengths were examined for
cell growth (28-, 50-, 78-, and 90-mer averages). A surface
modified with the peptide RGDSPC60,61 was used as a positive
control, and a thioglycerol-modified surface was used as a
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Figure 1. β-Lactams and DM homopolymers (poly-DM). All β-lactams
are racemic and all polymers are heterochiral.
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negative control. Microscopy of 3T3 fibroblasts cultured on the
poly-DM-modified substrates confirmed that all chain lengths
were unsupportive of fibroblast growth (DM90 result in Figure
2; remaining data in Figure S4). Initial fibroblast adhesion on

poly-DM surfaces was accompanied by normal cell morphology
and higher cell density than the negative control, but by day 2 the
fibroblasts on poly-DM had aggregated into clumps and
resembled those cultured on the negative control surface.
Fibroblasts on the RGD surface remained healthy in appearance
at day 2. Because of fibroblast clumping on poly-DM and
negative control surfaces on day 2, cell number determination via
DNA quantification was unreliable. We thus evaluated cell
growth by quantification of surface coverage, based on analysis of
microscopic images. A lower extent of surface coverage was
observed for poly-DM surfaces relative to the RGD surface on
both day 1 and day 2 (Figure 3a). In addition, there was no

increase in the extent of fibroblast surface coverage on poly-DM
surfaces from day 1 to day 2.

We next examined the responses of SMCs to poly-DM-bearing
surfaces (DM90 results in Figure 2; remaining data in Figure S5).
Microscopic evaluation indicated SMC adhesion to the DM90
surface on day 1 to be significantly inferior to day 1 adhesion to
the RGD surface. SMCs on the poly-DM surfaces were clumped
and exhibited altered cell morphology relative to SMCs on the
RGD surface. By day 2, these trends had intensified, making it
impossible to determine accurately adherent cell number via
DNA quantification. Moreover, the SMC aggregates on poly-
DM surfaces at day 2 were easily detached upon gentle handling
of the culture dish. In contrast, SMCs on the RGD surface had
appropriate morphology, were firmly attached, and proliferated
rapidly, leading to overgrowth of the culture by day 2. There was
no increase of surface coverage by SMCs from day 1 to day 2 for
any of the poly-DM modified surfaces (Figure 3b). The peptide
CGREDV, which contains the fibronectin REDV motif and
displays EC-selective properties,34 was used to generate a control
surface by covalent attachment via the terminal Cys. The
resulting surface supported some SMC adhesion on day 1, but no
increase in cell number by day 2 (Figure S6).
Surfaces bearing DM homopolymers were very effective for

culture of ECs, in contrast to the inhospitable environment they
provided to fibroblasts and SMCs. On all poly-DM-modified
surfaces, ECs cultured in EC-specific medium exhibited a healthy
morphology, similar to that obtained on the RGD-bearing
surface, on both days 1 and 2 postseeding (DM90 results in
Figure 2; remaining data in Figure S7). The extent of surface
coverage by ECs almost doubled from day 1 to day 2, according
to image analysis (Figure 3c). EC number was quantified
independently via DNA quantification, which indicated that EC
density grew ≥2-fold on all poly-DM-modified surfaces between
days 1 and 2, paralleling behavior on the RGD surface (Figure
3d). The number of ECs adherent to the REDV-modified surface
on day 1 was lower than on the polymer- or RGD-modified
surfaces, but ECs on the REDV surface had doubled by day 2

Figure 2. Photomicrographs of 3T3 fibroblasts, SMCs, and ECs
cultured on representativeDM90-modified surface and control surfaces.
RGD and thioglycerol served as positive and negative controls,
respectively. Scale bar = 100 μm.

Figure 3.Quantification of cells on surfaces, as measured by percentage
of surface covered by cells (A, B, C) or by a DNA assay followed by
conversion to cell number using a calibration curve (D). *p < 0.05
compared to the same surface on day 2. p̂ < 0.05 compared to positive
control (RGD) on day 2. Scale bar = 100 μm. The apparent reduction in
SMC coverage on RGD surfaces at Day 2 relative to Day 1 (part B) is
due to the overgrowth of SMCs (see SMC data in Figure 2).
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(Figure S6). Although the negative control surface (function-
alized with thioglycerol) initially supported some EC adhesion
and spreading, this surface did not support EC growth; a net cell
loss occurred by day 2 (Figures 2 and 3). ECs seeded onto a
surface bearingDM90 in DMEM, the medium used for culturing
3T3 fibroblasts and SMCs on the nylon-3 surfaces, retained
excellent growth characteristics; these ECs formed a confluent
monolayer on the DM90 surface on day 2 postseeding (Figure
S8). This observation indicates that the difference in culture
medium across the cell types is not responsible for the poor
support of SMC and fibroblast culture on poly-DM-modified
surfaces. The ECs cultured in DMEM tended to lose their
characteristic cobblestone morphology, which is a common
consequence of using a non-EC-specific culture medium.
The results presented above show that surfaces bearing poly-

DM support the growth of ECs in preference to fibroblasts or
SMCs. Many efforts have been directed toward the generation of
surfaces with these properties, for applications in vascular tissue
engineering and vascular graft development, but these
precedents have relied on incorporation of biomolecules or
biomolecule-derived units (e.g., specific peptides) into the
surface.18,23,33,34,62,63 Our discovery that attachment of a fully
synthetic and easily prepared polymer can render a surface
preferentially favorable for EC growth may create new avenues
for tissue engineering.
The cell adhesion data (Figures 3) indicate that the

preferential support for EC growth relative to SMC or fibroblast
growth manifested by poly-DM surfaces tended to emerge after
day 1. Thus, the preference seems to arise not from initial cell
adhesion, but rather from effects of the modified surface on cell
proliferation and survival. This hypothesis was explored by
quantifying EC and SMC proliferation and apoptosis on poly-
DM- and RGD-bearing substrates at 30 h postseeding. ECs
exhibited excellent proliferation (∼30%) and low levels of
apoptosis (<7%) on surfaces bearing poly-DM at this time point
(Figure 4). In contrast, SMC proliferation on poly-DM-modified

surfaces was poor (<4%), and apoptosis was very high (70−
85%). Staining for apoptosis markers (fragmented DNA)
demonstrated that the SMC aggregates formed on poly-DM-
modified surfaces (Figure 2) were composed primarily of
apoptotic cells (Figure S9). These proliferation and apoptosis
data are consistent with the data in Figure 3 in suggesting that
poly-DM-modified surfaces provide selective support for culture
of ECs relative to other cell types.
DM homopolymers presumably lack a molecular substructure

that can interact directly with cell-surface adhesion receptors;
thus, the favorability of poly-DM-modified surfaces for EC
culture may be mediated by attached proteins.30,31,53,64 We
evaluated the adsorption of total protein and of three individual

proteins, fibronectin (FN), collagen (Coll), and vitronectin
(VN), to nylon-3 modified surfaces (Figure S10), in order to
probe for initial adsorption differences that might explain
differences in cell culture selectivity. FN, Coll, and VN are the
most common cell adhesion proteins found in serum-based cell
culture media. However, the results of these studies suggested
that there is little or no correlation between total protein or
specific protein adsorption patterns and adhesion of any of the
three cell types at day 1.
In a further effort to understand the selective promotion of EC

culture by poly-DM-modified surfaces, we compared ECM
deposition by adherent fibroblasts, SMCs and ECs on function-
alized surfaces.65 Protein deposition profiles were quantified on
day 2 after cell seeding and compared with protein adsorption
profiles in the absence of cells (i.e., protein adsorption from cell
culture medium, Figure S10). The results in Figures 5 and S11

reveal increased surface density of Coll, FN, VN, and laminin
(LAM) on EC-cultured poly-DM surfaces, which contrasts with
decreased surface density of Coll, FN and VN on fibroblast- and
SMC-cultured poly-DM surfaces. Thus, the inability of the poly-
DM-bearing surfaces to support Coll, FN and VN deposition by
SMCs and fibroblasts appears to be correlated with the
unfavorable culture of these two cell types on poly-DM surfaces.
Our findings reveal a new strategy for creating surfaces that

selectively favor proliferation of one cell type relative to others,
based on a system pertinent to vascular tissue engineering. The
use of a completely synthetic material,46−48 lacking evident
molecular-level signals that could be recognized by cell-surface
receptors, differs significantly from previously described
approaches, which rely upon specific ligand−receptor inter-
actions to enable the adhesion of a targeted cell type.39−42 Nylon-
3 polymers are advantageous relative to the sequence-specific
peptides that have been used in other studies because the
polymers are readily prepared on a large scale and resist
enzymatic proteolysis. Our initial studies show that the cationic
poly-DM homopolymer is superior to a small set of cationic−
hydrophobic nylon-3 copolymers, but it seems possible that
other nylon-3 copolymer compositions could be even more
effective. The ease with which nylon-3 copolymer parameters can
be varied will facilitate a broader exploration of structure−activity
relationships. In addition, the synthetic accessibility and
versatility of this polymer type will enable further studies to

Figure 4. Endothelial cell and smooth muscle cell proliferation (A) and
apoptosis (B) on poly-DMmodified surfaces. *p < 0.0001 compared to
RGD surface. #p < 0.03 compared to RGD surface.

Figure 5. Changes in density of adsorbed protein on a DM90-modified
surface after 2 days of cell culture, relative to the density adsorbed from
culture medium in the absence of cells. Y axis represents the ratio
between protein density after 2 days of cell culture and protein density in
the absence of cells. A ratio >1 means increased surface protein density
after cell culture. Total adsorbed protein was measured via a
NanoOrange assay, while individual proteins (collagen = Coll;
fibronectin = FN; vitronectin = VN; laminin = LAM) were measured
via immunofluorescent staining. *p < 0.0001, p̂ < 0.002 compared to
EC-cultured DM90 surface.
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elucidate the mechanism by which poly-DM preferentially
encourages endothelial cell proliferation.
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