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Amino acid sequence preferences to
control cell-specific organization of
endothelial cells, smooth muscle cells,
and fibroblasts
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Effective surface modification with biocompatible molecules is known to be effective in reducing the life-threatening risks
related to artificial cardiovascular implants. In recent strategies in regenerative medicine, the enhancement and support of
natural repair systems at the site of injury by designed biocompatible molecules have succeeded in rapid and effective injury
repair. Therefore, such a strategy could also be effective for rapid endothelialization of cardiovascular implants to lower
the risk of thrombosis and stenosis. To achieve this enhancement of the natural repair system, a biomimetic molecule that
mimics proper cellular organization at the implant location is required. In spite of the fact that many reported peptides have
cell-attracting properties on material surfaces, there have been few peptides that could control cell-specific adhesion. For the
advanced cardiovascular implants, peptides that can mimic the natural mechanism that controls cell-specific organization have
been strongly anticipated. To obtain such peptides, we hypothesized the cellular bias toward certain varieties of amino acids
and examined the cell preference (in terms of adhesion, proliferation, and protein attraction) of varieties and of repeat length on
SPOT peptide arrays. To investigate the role of specific peptides in controlling the organization of various cardiovascular-related
cells, we compared endothelial cells (ECs), smooth muscle cells (SMCs), and fibroblasts (FBs). A clear, cell-specific preference
was found for amino acids (longer than 5-mer) using three types of cells, and the combinational effect of the physicochemical
properties of the residues was analyzed to interpret the mechanism. Copyright c© 2011 European Peptide Society and John
Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article
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Introduction

The life-threatening risks that occur after implantation of medical
devices and products are mostly due to the disruption of the
biological environment of the location. With medical devices and
products for cardiovascular treatments, such disruption-induced
side effects could directly end patients’ lives. The most common risk
with cardiovascular implants is stenosis caused by thrombosis and
neointimal hyperplasia [1]. Thrombosis is caused by the atypical
attraction of serum proteins, platelet, and circulating blood
cells to damaged or absent endothelial surfaces [2]. Neointimal
hyperplasia, which is characterized by excessive smooth muscle
cell (SMC) growth is also a critical risk caused by damage to the
endothelial layer together with expansion pressure in the cases
of stent implants [3,4]. Side effects such as these, which occur
with cardiovascular treatments, are commonly contradictory. It
is known that when restenosis is effectively suppressed by the
elution of cell growth inhibition reagents, for e.g. by the use
of drug eluting stents, proper endothelialization is inhibited [5].
Therefore, to overcome such defects, the ideal surface coating of
a cardiovascular implant should not only inhibit overgrowth of
SMCs but also enhance the growth of the endothelial cells (ECs)
for successful endothelialization [4].

One of the most promising strategies in regenerative medicine
is to lower the risks of cardiovascular implants by modifying
the device surface with biological molecules (such as proteins
[6–9], glycosaminoglycan [10], chemokines [11], and protein-
derived peptides [12–15]) to mimic the natural biological
atmosphere for rapid and prolonged repair by the native
cellular system [16]. Fibrin, collagen, fibronectin (FN), and elastin
are frequently chosen biological molecules for medical device
coating because of the antithrombosis effects of these molecules.
Because endothelialization is the most critical event involved in
both thrombosis and restenosis, biological molecules with the
ability to enhance endothelialization have attracted attention.
CD34 antibodies have been utilized to coat stent surfaces
to capture endothelial progenitor cells for rapid and effective
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endothelialization [17]. However, most large biological molecules,
such as the anti-CD34 antibody, are obtained from nonhuman
hosts; therefore, the risk of unexpected infection is a concern that
has led to medical restrictions. Considering this risk, artificially
synthesized peptides derived from human proteins could serve
as ideal molecules because of their biocompatibility and safety
assurance.

Many short peptides have been shown to enhance cellular
adhesion by surface conjugation. RGDS (Arg-Gly-Asp-Ser) is the
most commonly studied short peptide from extracellular matrix
(ECM) and binds to integrins on cells to form strong cellular
adhesions [18]. Besides RGDS, short peptides, such as LDV
(Leu-Asp-Val) [19], YIGSR (Try-Ile-Gly-Ser-Arg) [20], and PHSRN
(Pro-His-Ser-Arg-Asn) [21], have been reported to enhance cellular
attraction to the material surface. These peptides are ideal model
peptides and reveal that even short peptides can serve as cell
adhesion molecules.

In the natural biological repair system, cells specifically localize
to their correct location to form a well-organized cellular system;
therefore, there are few chances to explore the abovementioned
integrin ligands on the complex ECM surface. As a result, we
hypothesized that there might be a cellular preference for
more broad candidate molecules with similar physicochemical
properties, such as a bias toward certain varieties of amino acid or
peptide, on ECM surfaces that could explain cell-specific adhesion
and proliferation mechanisms. To investigate our hypothesis, we
examined the amino acid preferences that control the cellular
organization in cardiovascular tissue. We chose three cell types,
ECs, SMCs, and fibroblasts (FBs), that typically have roles in
cardiovascular tissues and compared the relative preferences of
these cells for specific amino acids and repeated sequences. For
the cell-peptide interaction assay, we introduced a peptide array-
based interaction assay of solid-bound peptides and anchorage-
dependent cells (PIASPAC) method [22–24], an application of a
SPOT peptide array technique [25]. By combinatorial examination
of the peptide array, we could compare the cellular preferences
in adhesion and proliferation. The accumulation of serum-derived
proteins was also examined to determine its effect on cell-specific
adhesion to peptides. Finally, to propose a design strategy for
biomimetic polymers, we analyzed the relationship between cell
specificity and the physicochemical properties of amino acids
by using amino acid indices and multivariant analysis. To our
knowledge, this is the first detailed analysis comparing the amino
acid preferences of cardiovascular-related cells.

Materials and Methods

Cells

Normal human umbilical vein ECs (Kurabo Industries Ltd., Osaka,
Japan) were maintained in HuMedia-EG2 (Kurabo Industries Ltd.)
and designated as ECs. SMCs (Cell Applications, Inc., San Diego,
CA, USA) were maintained in smooth muscle growth medium
(Cell Applications Inc.) and designated as SMCs. Normal human
dermal FBs (Kurabo Industries Ltd.) were routinely maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies
Corporation, Carlsbad, CA, USA) at 37 ◦C under 5% CO2 and
designated as FBs. Penicillin streptomycin (Life Technologies
Corporation) was used as antibiotics in the DMEM. All the cells
were used in assays within four to six passages.

Peptide Array Synthesis

A cellulose membrane (grade 542; Whatman, Maidstone, UK) was
modified using Fmoc-β-Ala-OH (Watanabe Chemical Industries,
Ltd., Hiroshima, Japan) as the N-terminal basal spacer by 1-
Methylimidazole, redistilled, +99% (Sigma-Aldrich, St. Louis,
MO, USA), and N,N′-diisopropylcarbodiimide (DIPCI) (Watanabe
Chemical Industries). Fmoc-11-aminoundecanoic acid (Watanabe
Chemical Industries) was linked as an additional spacer between
the candidate peptide and the cellulose by the cocktail of DIPCI and
1-Hydrozybenzotriazole (HOBt, anhydrous) (Watanabe Chemical
Industries) (volume ratio 1 : 4), and which was optimized for better
interaction with the cells. Fmoc amino acids (0.5 M) (Watanabe
Chemical Industries) were also activated by the cocktail of DIPCI
and HOBt, and spotted twice with a peptide autospotter (ASP222;
Intavis Bioanalytical Instruments AG, Köln, Germany) in accordance
with the manufacturer’s instructions. Peptides were elongated by
conventional Fmoc chemistry using the 20% piperidine (Watanabe
Chemical Industries) as the removal agent of side-chain protecting
groups. By the repeated numbers of elongation steps, peptide
spots were designated as 1-mer (one elongation step), 5-mer
(five elongation steps), and 7-mer (seven elongation steps). The
final deprotection step of side chains was carried out by the
cocktail of m-cresol (Wako Pure Chemical Industries, Ltd., Osaka,
Japan), thioanisole (Tokyo Chemical Industry Co., LTD., Tokyo,
Japan), 1,2-Ethanedithiol (EDT) (Watanabe Chemical Industries),
and trifluoroacetic acid (TFA) (Watanabe Chemical Industries) =
1: 6 : 3 : 40, respectively, for 3 h. The synthesized array membrane
was then thoroughly washed three times for 2 h with diethyl ether
(Wako Pure Chemical Industries), methanol (Wako Pure Chemical
Industries), and Dulbecco’s phosphate-buffered saline (PBS; pH
7.2) (Nissui Pharmaceutical Co., Ltd., Tokyo, Japan). Finally, the
array was soaked in methanol (Wako Pure Chemical Industries)
and dried on a clean bench.

Peptide Array-Based Interaction Assay of Solid-Bound
Peptides and Anchorage-Dependent Cells (PIASPAC)

The cell assay on SPOT arrays was carried out according to a
previously described method [22] with slight modifications. Briefly,
from the synthesized peptide array, each spot corresponding to
different peptides was punched out as a disk and embedded in
a 96-well plate, and after soaking the punched disks with the
appropriate cell culture medium, 1.5 × 104 cells/well were directly
seeded on the disks. Cells and peptide disks were incubated for 1 h
for cell adhesion assays and for 3 days for cell proliferation assays.
After three repeat washes of PBS to remove unattached cells
by pipetting, the viable cells were stained with calcein AM (Life
Technologies Corporation) for 30 min, and fluorescence intensity
was measured on a Fluoroskan Ascent (type 374; Labsystems,
Helsinki, Finland) with 485 nm excitation and 538 nm emission. For
reproducibility, the data of triplicate spots from two experiments
were averaged. To normalize the fluorescence intensities to
compare the cellular preferences, each average fluorescence
intensity was divided by the average negative control (no peptide,
linker only) value, which was set to 1.0, to obtain a relative
preference ratio (adhesion or proliferation) for each sequence. The
assay scheme is depicted in Figure 1. Peptides that exerted their
effects equally in all of the cells were considered to be ‘peptides
with no cell preference (nonspecific peptides)’, and peptides that
indicated a biased effect to particular cell were considered to be
‘peptides with cell preference (specific peptides to target cells)’.
For example, when the number of ECs on a peptide spot disk
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Figure 1. A schematic illustration of this study. Three kinds of cells that comprise cardiovascular tissues were chosen for determining the cell specificity.
Twenty kinds of amino acids were chosen to design tandem repeat peptides for investigating the cell adhesion and proliferation. Cells were seeded to
each peptide sequence on the peptide array spot and evaluated as the relative cell adhesion or proliferation rate for each cell type.

is larger than any other cell types, it is designated as EC-specific
peptide.

Protein Attraction Assay on Peptide Array

The synthesized peptide arrays were washed five times with PBS
(pH 7.2), and the membranes were allowed to dry under sterile
conditions. Arrays were blocked with 1% bovine serum albumin
(BSA) in PBS for 12 h at 4 ◦C. After blocking, the arrays were
incubated for 1 h at 37 ◦C with DMEM containing 10% fetal bovine
serum (Life Technologies Corporation) in order to assay the binding
activity of each spot with serum-derived protein such as FN or
vitronectin (VN). After continuous washes with PBS, the arrays were
hybridized with anti-rabbit human FN IgG (Novotec, Saint Martin
La Garenne, France) or anti-rabbit human VN IgG (Chemicon,
Tokyo, Japan) diluted to a concentration of 1/500 or 1/1000 with
PBS containing 0.25% BSA for 2 h at 37 ◦C. After several washes
with Tris-buffered saline containing 0.05% Tween-20 (T-TBS; pH
7.2), arrays were hybridized with anti-rabbit IgG-conjugated Alexa
488 (Life Technologies Corporation) diluted to a concentration
of 2 µg/ml with PBS containing 0.25% BSA for 1 h at 37 ◦C. After
several washes with T-TBS at 37 ◦C, the fluorescence intensities
of spots were scanned with a FLA-7000 (Fujifilm, Tokyo, Japan)
with 473 nm excitation and 520 nm emission. The scanned spot
image was analyzed with ArrayGauge Ver.2.0 (Fujifilm), and the
fluorescence intensity of each spot was calibrated. Each array was
designed to contain triplet spots, and two duplicate experiments
were averaged as the data. The averaged fluorescence intensity
of each sequence was normalized by subtracting the fluorescence

intensity of the same sequence without the addition of the first
antibody.

Scanning Electron Microscope (SEM) Analysis

Cells were treated according to the cell assay protocol described
for the PIASPAC method, and the cells on the peptide disks were
fixed with 4% glutaraldehyde (Wako Pure Chemical Industries) for
12 h at 4 ◦C. After further fixation with osmium tetroxide (PGM
Chemicals (Pvt) Ltd., New Germany, USA) for 30 min at room
temperature, samples were dried with t-butylalcohol (Wako Pure
Chemical Industries) using a VFD-20 drying apparatus (Hitachi
Ltd., Tokyo, Japan) and plasma coated with osmium tetroxide
using an osmium plasma coater (Nihon Lazor Denshi, Ichinomiya,
Japan). The SEM images were obtained using an S-800 electron
microscope (Hitachi Ltd.).

Results

Comparing Cell Preference of Amino Acids in Cardiovascular
Tissues

We compared three types of normal human cells (ECs, SMCs, and
FBs) that contribute to cardiovascular tissues to investigate the cell-
specific preference of particular amino acids, which may determine
the effect of ECM on specific cells (Figure 1). In evaluating cell
adhesion (with 1 h incubation), an amino acid repeat number more
than five provided a relative cell-specific preference (Figure 2(A),
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Figure 2. The heat map of cell adhesion and proliferation on simple repeats of 20 kinds of amino acids. The intensity of cell adhesion (A) and proliferation
(B) were determined for each cell and each peptide and indicated as gradation of colors. (A) Each cell was seeded on the each peptide array spot and
incubated for 1 h. Arrays were then washed three times and stained with calcein AM for fluorescent detection. Signal was measured by a fluorescent
plate reader at Ex485/Em538. (B) Seeded cells were incubated for 3 days and stained by calcein AM. Samples were then washed and measured in the
same way as for the adhesion assay. The values were normalized in each cell type. Black color indicates high adhesion (+2.0) and white color indicates
low adhesion (−2.0).

A B C

Figure 3. SEM image of cells on EC-specific peptide (hepta-Ile). SEM images (three fields of views) of morphology after 1 h of cell adhesion are shown.
(A) ECs, (B) SMCs, and (C) FBs. All images are in the same magnification (scale bar is 10 µm). The large fibrous three-dimensional background is due to the
cellulose support of SPOT array. Arrows indicate filopodias or ECM fibers from cells.
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Figure 4. Heat map of ECM molecule binding to 20 kinds of amino acids
(7-mer). Interaction with (A) fibronectin and (B) vitronectin. The peptide
array was incubated with the medium containing 10% serum for 1 h.
Arrays were then hybridized by anti-rabbit human fibronectin IgG or
anti-rabbit human vitronectin IgG for 2 h then hybridized with anti-rabbit
IgG-conjugated Alexa 488 for 1 h. Arrays were scanned by FLA-7000
(Ex473/Em520). The fluorescent intensity values were firstly subtracted
from the array results with ECM protein and second antibody (without first
antibody), and normalized for each ECM protein and illustrated as Figure 2.

see for detailed data in Figure S1 and Table S1, Supporting
information).

In particular, longer repeats of hydrophobic amino acids
(isoleucine, valine, leucine, and phenylalanine) were found to
contribute to enhance EC adhesion compared to the other two cell
types, especially peptides with seven repeated steps of elongation.
Isoleucine, valine, and leucine contributed proportionally to
promote adhesion of ECs, indicating a stronger effect with shorter
repeats. In contrast, two positively charged amino acids (arginine
and lysine), which are conventionally considered to have cell
adhesion properties, were found to be too universal to control
specific cellular organization. But the positively charged amino
acid histidine demonstrated no preference between these three
cell types. And two negatively charged amino acids (asparatic acid
and glutamic acid), which are considered not to have cell adhesion
properties, were found to be nonadhesion properties.

Figure 2(B) indicates the proliferation rates (after a 3-day
incubation) on the different amino acids (detailed data in Figure
S2 and Table S1, Supporting information). This result also shows
that the residues, such as charged residues, previously shown
to have cell adhesion properties indicate no preference for cell
type, but that isoleucine has a preference for enhancing ECs and
valine has a preference for enhancing FBs. In spite of the wide
inhibitory preferences of SMCs, such as hydrophobic amino acids,
enhancive preference of SMCs was not clear. These results suggest
that the amino acid preference for SMCs is largely different than
that of ECs and FBs. Throughout the experiment, preference data
from peptides synthesized by less than five repeated elongation
steps were found to have larger standard error (ECs on three
repeated elongation steps: 21.5% of average; SMCs on three
repeated elongation steps: 20.2% of average; FBs on three repeated

elongation steps: 59.1% of average) (Figures S1 and S2; 3-mer data
not shown). However, a similar tendency was also clearly observed
in the short proliferation assay (1 day) (data not shown); therefore,
such an amino acid preference effect could be firm with longer
peptides. In this aspect, we focused the comparison between
1-mer and longer peptides.

SEM Analysis of Cell Morphology on Preferred Amino Acids

To investigate the detailed effect on the cells of particular amino
acids, cell morphology was monitored by SEM (Figure 3). The
hepta-Ile (array spot with seven repeated steps of elongation
with Ile) was chosen as the best EC-specific peptide. On hepta-Ile,
relatively high numbers of adherent ECs were observed compared
to other cells (Figure 3(A–C)). Filopodias and fibers of ECM from
ECs were found on hepta-Ile (arrows indicated) than on both the
negative controls (other cell types on the same peptide disk),
indicating that ECs prefer the peptide-coated surface for adhesion
(Figure 3(A)). This result supports that the biological effect is
triggered by cell-specific preference on such preference amino
acids.

Involvement of Serum-Derived ECM Proteins in Cellular
Adhesion Preferences

Each of the PIASPAC assays described above was carried out
in serum- or serum-related supplement-containing medium to
mimic the natural cellular in vivo conditions. However, in these
assays, the cellular preference for amino acids could be explained
by a dominant effect of the amino acid itself, of the serum-derived
proteins that accumulate on amino acids, or both. Therefore, we
examined the accumulation rate of FN and VN, two of the major
ECM proteins that affect cell adhesion and proliferation, on amino
acid-repeated sequences on the peptide arrays. FN was found to
accumulate on tyrosine (Figure 4(A), see for detailed data in Figures
S3 and S5(A)), residues that contain aromatic side chains. VN was
found to accumulate on lysine and arginine, positively charged
residues (Figure 4(B), see for detailed data in Figures S4 and S5(B)).
These three amino acids were the universal cell-attracting residues
(i.e. no cellular preference) (Figure 2). Although our hybridization
scheme cannot deny the probability to detect false-positive signal
from the nonspecific accumulation of primary antibody to high
density peptides, the found cell-specific amino acids (such as Ile
and Val) did not show ECM protein accumulation. Therefore, we
concluded that any dominant effect of serum-derived proteins on
the cell preference of identified amino acids is unlikely.

Confirmation of Controlling Cell Adhesion and Proliferation
by Designed Cell-Specific Peptides

To further confirm the possibility of cell-specific organization
controlled by amino acid preferences, we newly designed
peptides consisting of selected amino acids that indicated
cellular specificities (Figure 5, see for detailed data in Figure
S6). To design 30 peptides, 9 amino acids were selected to
represent three categories; (category 1) inhibitory peptides
without cell specificity (aspartic acid and glutamic acid), (category
2) enhancive peptides without cell specificity (lysine, arginine,
and tyrosine), and (category 3) enhancive peptides with EC-
specificity (phenylalanine, isoleucine, and leucine). In each
category, amino acids were randomly selected to build 7-
mer peptides. Interestingly, EC-specificity could be designed by
the combination of any type of EC-specific amino acids. With

J. Pept. Sci. 2011; 17: 479–486 Copyright c© 2011 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 5. Heat map of cell adhesion and proliferation on random 7-mer sequences consist of selected amino acids. The following nine amino acids were
selected to represent three categories: (i) inhibitory peptides without cell specificity (Asp, Glu, and Gln), (ii) enhancive peptides without cell specificity
(Lys, Arg, and Tyr), and (iii) enhancive peptides with EC-specificity (Phe, Ile, and Leu). The intensity of cell adhesion and proliferation were determined
and illustrated as Figure 2.

nonspecific amino acids, clear change in the cell-specific effect
was not observed by combinations. Such results indicate that
such simple physicochemical properties of amino acids have the
potential to control the cellular organization.

Discussion

In this study, we reported for the first time the cell-specific
preferences of particular amino acids in adhesion and proliferation
by comparing three types of typical cardiovascular cells. We
examined the cell preferences of simple repeats of amino
acids to investigate our hypothesis that the ECM functions to
control cellular self-organization in vivo and that this process
would be controlled not only by ligand-specific rare domains
(such as RGD) but also by the physicochemical properties of
the surface environment provided by the ECM proteins. To
assay these cell-specific preferences in peptide interactions in
a combinatorial manner, we utilized our PIASPAC method, the

application of SPOT array to directly assay cell adhesion and
proliferation.

From the cell preference assay for adhesion and proliferation,
we found that there are largely two types of cell preference in
cardiovascular cells; ECs and FBs prefer repeats of hydrophobic
residues, and SMCs have less of a preference for adhesion but
prefer repeats of aromatic residues for proliferation (Figure 2). It
was also found that the amino acids that contributed to cell-
specific adhesion also contributed to proliferation. Because no
single amino acid was preferred by particular cell, we concluded
that domain-like physicochemical properties are more important
for cell preference than the exact residue. Such amino acid
preference was also confirmed with an assay of other random
sequence peptides, which consisted of EC-specific amino acids
(Figure 5). We also confirmed that the nonspecific preference of
aromatic side chains amino acids and (tyrosine) positively charged
amino acids (lysine and arginine) are probably due to the attracted
serum-derived proteins (FN and VN) on these peptides (Figure 4).
These observations support our hypothesis that the control of
cell-specific organization can be maintained by physicochemical-
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based affinities that accept broad candidate molecules that form
domain-like property on the surface of ECM, rather than sequence-
based affinities, such as ligand-receptor interactions.

We also found several simple amino acid effects that control
cellular organization: longer elongation of isoleucine attracted
ECs and eliminates SMCs and FBs (Figure 3). The introduction
of isoleucine also contributed to provide EC-specific effect on
random sequences of peptides (Figure 5). Because these amino
acid preferences were assayed using serum-containing medium,
peptides containing these amino acids could be promising
practical candidates to enhance proper cell organization on
medical devices and products. However, it should be noted that
the more the elongation step increases, the more the impurity of
peptide spot would appear in some amino acids by insufficient
synthesis. In this aspect, our 7-mer peptide spots may include
fewer percentages of perfect 7-mer repeats with some types of
amino acids. Combining the facts that our spots consist of single
amino acid (produce no mismatch sequences) and our data has
high reproducibility (Figures S1 and S2), we consider that there are
accumulative effect of amino acids on determining cell-specific
preferences.

If physicochemical-based affinity can control the cell-specific
organization, a rule based on amino acid indices should support
the design of artificial molecules or polymers for medical device
coatings. To extract the physicochemical rule to design cell-
specific peptides, we analyzed the total data (20 peptides of
repeated amino acids and 30 peptides of randomly selected
amino acids) by classification and regression tree (CART) (Table
S1). CART analysis automatically calculates the combination of
physiochemical variables, as opposed to manually interpreted
by a researcher, to obtain the final classification model. In
other words, the selected variable from such analysis reflect
the exhaustive consideration of all possible combinations of
candidate physicochemical properties for the best classification.
For the classification, we divided our data in three categories
(Table S1) (i) enhancive peptides without cell specificity (ALL Enh),
(ii) inhibitory peptides without cell specificity (ALL Inh), and
(iii) enhancive peptides with EC-specificity (EC SP). To classify
the three categories of peptides, 13 amino acid indices (Table
S2) [26–36] from AAindex1 (http://www.genome.ad.jp/dbget-
bin/www bfind?aaindex) [37] were examined by CART for best
parameter combination. By this objective analysis, we found that
the isoelectric point (threshold = −4.418) is the primary property
that classifies ‘adhesive peptides’ and ‘nonadhesive peptides’.
The result also indicated that the combination of isoelectric
point (>−4.418) and the hydropathy (>+3.241) was found to
be a defining characteristic of EC-preferred structures (Figure S7).
Although such analysis is still limited in our achieved data, such
interpreted rule would characterize the surface physicochemical
property to control the cell-specific organization on medical
devices. The concept of using a medical device coating material
to enhance proper cell organization could be important for
overcoming the contradictory effects of endothelialization and
stenosis.

Whether the minimum functional molecule for providing
physicochemical-based affinities for cell self-organization is ‘do-
main consists of amino acids’ or ‘domain consists of peptides’ is
still not clear. Therefore, further investigation is needed to un-
derstand the mechanism of controlling cellular organization for
next-generation medical device coating.

Acknowledgements

This study was partly supported by a grant-in-aid from the
HORI information science promotion foundation, grant-in-aid for
Scientific Research from the Japan Society for the Promotion
of Science, No. 20380075-01, the Ministry of Education, Science,
Sports and Culture, grant-in-aid for Exploratory Research, No.
20650074 (2008), Nagoya University Presidents’ Research Grant
(2008-2009), and the Iwadare Scholarship Foundation. The authors
deeply thank Dr Yoshikazu Fujita, Nagoya University School of
Medicine, for support to obtain SEM images.

Supporting information

Supporting information may be found in the online version of this
article.

References

1 Bourassa MG. Fate of venous grafts: the past, the present and the
future. J. Am. Coll. Cardiol. 1991; 17: 1081–1083.

2 Sumpio BE, Riley JT, Dardik A. Cells in focus: endothelial cell. Int. J.
Biochem. Cell Biol. 2002; 34: 1508–1512.

3 LoGerfo FW, Quist WC, Cantelmo NL, Haudenschild CC. Integrity of
vein grafts as a function of initial intimal and medial preservation.
Circulation 1983; 68: II-117–II-124.

4 Kraitzer A, Kloog Y, Zilberman M. Approaches for prevention of
restenosis. J. Biomed. Mater. Res. B Appl. Biomater. 2008; 85: 583–603.

5 Camenzind E, Steg PG, Wijns W. Stent thrombosis late after
implantation of first-generation drug-eluting stents: a cause for
concern. Circulation 2007; 115: 1440–1455.

6 Rafat M, Matsuura T, Li F, Griffith M. Surface modification of collagen-
based artificial cornea for reduced endothelialization. J. Biomed.
Mater. Res. A 2009; 88: 755–768.

7 Yu Y, Gao Y, Wang H, Huang L, Qin J, Guo R, Song M, Yu S,
Chen J, Cui B, Gao P. The matrix protein CCN1 (CYR61) promotes
proliferation, migration and tube formation of endothelial
progenitor cells. Exp. Cell Res. 2008; 314: 3198–3208.

8 Bu X, Yan Y, Zhang Z, Gu X, Wang M, Gong A, Sun X, Cui Y, Zeng Y.
Properties of extracellular matrix-like scaffolds for the growth and
differentiation of endothelial progenitor cells. J. Surg. Res. 2009; 164:
50–57.

9 Cardinal KO, Williams SK. Assessment of the intimal response to a
protein-modified stent in a tissue-engineered blood vessel mimic.
Tissue Eng. Part A 2009; 15: 3869–3876.

10 Letourneur D, Machy D, Pelle A, Marcon-Bachari E, D’Angelo G,
Vogel M, Chaubet F, Michel JB. Heparin and non-heparin-like
dextrans differentially modulate endothelial cell proliferation:
in vitro evaluation with soluble and cross-linked polysaccharide
matrices. J. Biomed. Mater Res. 2002; 60: 94–100.

11 Stellos K, Langer H, Daub K, Schoenberger T, Gauss A, Geisler T,
Bigalke B, Mueller I, Schumm M, Schaefer I, Seizer P, Kraemer BF,
Siegel-Axel D, May AE, Lindemann S, Gawaz M. Platelet-derived
stromal cell-derived factor-1 regulates adhesion and promotes
differentiation of human CD34+ cells to endothelial progenitor
cells. Circulation 2008; 117: 206–215.

12 Rodenberg EJ, Pavalko FM. Peptides derived from fibronectin type
III connecting segments promote endothelial cell adhesion but not
platelet adhesion: implications in tissue-engineered vascular grafts.
Tissue Eng. 2007; 13: 2653–2666.

13 Larsen CC, Kligman F, Tang C, Kottke-Marchant K, Marchant RE. A
biomimetic peptide fluorosurfactant polymer for endothelialization
of ePTFE with limited platelet adhesion. Biomaterials 2007; 28:
3537–3548.

14 Blindt R, Vogt F, Astafieva I, Fach C, Hristov M, Krott N, Seitz B,
Kapurniotu A, Kwok C, Dewor M, Bosserhoff AK, Bernhagen J,
Hanrath P, Hoffmann R, Weber C. A novel drug-eluting stent
coated with an integrin-binding cyclic Arg-Gly-Asp peptide inhibits
neointimal hyperplasia by recruiting endothelial progenitor cells. J.
Am. Coll. Cardiol. 2006; 47: 1786–1795.

J. Pept. Sci. 2011; 17: 479–486 Copyright c© 2011 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



4
8

6

KANIE ET AL.

15 Yin M, Yuan Y, Liu C, Wang J. Development of mussel
adhesive polypeptide mimics coating for in-situ inducing re-
endothelialization of intravascular stent devices. Biomaterials 2009;
30: 2764–2773.

16 von der Mark K, Park J, Bauer S, Schmuki P. Nanoscale engineering
of biomimetic surfaces: cues from the extracellular matrix. Cell Tissue
Res. 2010; 339: 131–153.

17 Aoki J, Serruys PW, van Beusekom H, Ong AT, McFadden EP,
Sianos G, van der Giessen WJ, Regar E, de Feyter PJ, Davis HR,
Rowland S, Kutryk MJ. Endothelial progenitor cell capture by stents
coated with antibody against CD34: the HEALING-FIM (healthy
endothelial accelerated lining inhibits neointimal growth-first in
man) registry. J. Am. Coll. Cardiol. 2005; 45: 1574–1579.

18 Pierschbacher MD, Ruoslahti E. Cell attachment activity of
fibronectin can be duplicated by small synthetic fragments of the
molecule. Nature 1984; 309: 30–33.

19 Komoriya A, Green LJ, Mervic M, Yamada SS, Yamada KM,
Humphries MJ. The minimal essential sequence for a major cell type-
specific adhesion site (CS1) within the alternatively spliced type
III connecting segment domain of fibronectin is leucine-aspartic
acid-valine. J. Biol. Chem. 1991; 266: 15075–15079.

20 Graf J, Ogle RC, Robey FA, Sasaki M, Martin GR, Yamada Y,
Kleinman HK. A pentapeptide from the laminin B1 chain mediates
cell adhesion and binds the 67,000 laminin receptor. Biochemistry
1987; 26: 6896–6900.

21 Pytela R, Pierschbacher MD, Ruoslahti E. Identification and isolation
of a 140 kd cell surface glycoprotein with properties expected of a
fibronectin receptor. Cell 1985; 40: 191–198.

22 Kato R, Kaga C, Kunimatsu M, Kobayashi T, Honda H. Peptide array-
based interaction assay of solid-bound peptides and anchorage-
dependant cells and its effectiveness in cell-adhesive peptide design.
J. Biosci. Bioeng. 2006; 101: 485–495.

23 Kaga C, Okochi M, Tomita Y, Kato R, Honda H. Computationally
assisted screening and design of cell-interactive peptides by a
cell-based assay using peptide arrays and a fuzzy neural network
algorithm. Biotechniques 2008; 44: 393–402.

24 Okochi M, Nomura S, Kaga C, Honda H. Peptide array-based
screening of human mesenchymal stem cell-adhesive peptides

derived from fibronectin type III domain. Biochem. Biophys. Res.
Commun. 2008; 371: 85–89.

25 Frank R. Spot-synthesis: an easy technique for the positionally
addressable, parallel chemical synthesis on a membrane support.
Tetrahedron 1992; 48: 9217–9232.

26 Zimmerman JM, Eliezer N, Simha R. The characterization of amino
acid sequences in proteins by statistical methods. J. Theor. Biol. 1968;
21: 170–201.

27 Fauchere JL, Charton M, Kier LB, Verloop A, Pliska V. Amino acid
side chain parameters for correlation studies in biology and
pharmacology. Int. J. Pept. Protein Res. 1988; 32: 269–278.

28 Michael JG, Fobin DBR. Amino acid preferences for secondary
structure vary with protein class. Int. J. Biol. Macromol. 1980; 2:
387–389.

29 Takano K, Yutani K. A new scale for side-chain contribution to protein
stability based on the empirical stability analysis of mutant proteins.
Protein Eng. 2001; 14: 525–528.

30 Zhou H, Zhou Y. Quantifying the effect of burial of amino acid
residues on protein stability. Proteins 2004; 54: 315–322.

31 Kyte J, Doolittle RF. A simple method for displaying the hydropathic
character of a protein. J. Mol. Biol. 1982; 157: 105–132.

32 Crawford JL, Lipscomb WN, Schellman CG. The reverse turn as a
polypeptide conformation in globular proteins. Proc. Natl. Acad. Sci.
U. S. A. 1973; 70: 538–542.

33 Munoz V, Serrano L. Intrinsic secondary structure propensities of
the amino acids, using statistical phi-psi matrices: comparison with
experimental scales. Proteins 1994; 20: 301–311.

34 Grantham R. Amino acid difference formula to help explain protein
evolution. Science 1974; 185: 862–864.

35 Krigbaum WR, Komoriya A. Local interactions as a structure
determinant for protein molecules: II. Biochim. Biophys. Acta. 1979;
576: 204–248.

36 Jukes TH, Holmquist R, Moise H. Amino acid composition of proteins:
selection against the genetic code. Science 1975; 189: 50–51.

37 Kawashima S, Pokarowski P, Pokarowska M, Kolinski A, Katayama T,
Kanehisa M. AAindex: amino acid index database, progress report
2008. Nucleic Acids Res. 2008; 36: D202–D205.

wileyonlinelibrary.com/journal/jpepsci Copyright c© 2011 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2011; 17: 479–486


