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Abstract The effects of seeding density have often been

overlooked in evaluating endothelial cell-biomaterial

interactions. This study compared the cell attachment and

proliferation characteristics of endothelial cells on modi-

fied poly (L-lactic acid) (PLLA) films conjugated to gelatin

and chitosan at low and high seeding densities (5,000 and

50,000 cells/cm2). During the early stage (2 h) of cell-

biomaterial interaction, a low seeding density enabled us to

observe the intrinsic surface-dependent differences in cell

attachment capacity and morphogenesis, whereas extensive

intercellular interactions at high seeding density masked

differences between substrates and improved cell attach-

ment on low-affinity substrates. During the later stage of

cell-biomaterial interaction over 7-days of culture, the

proliferation rate was found to be surface-dependent at low

seeding density, whereas this surface-dependent difference

was not apparent at high seeding density. It is recom-

mended that low seeding density should be utilized for

evaluating biomaterial applications where EC density is

likely to be low, such as in situ endothelialization of blood-

contacting devices.

1 Introduction

Rapid endothelialization is crucial for cardiovascular stents

and grafts to prevent post-implantation thrombosis and

restenosis [1]. With increasing demand for biodegradable

stents/grafts [2], complete endothelialization has become

even more crucial to prevent degradation debris from

entering the bloodstream and causing adverse complica-

tions. In order to promote such endothelialization, sub-

stantial effort has been focused on suitably functionalizing

the surfaces of biomaterial. For example, extracellular

matrix (ECM) proteins (e.g. collagen, fibronectin and

laminin) and functional domains of ECM components (e.g.

RGD, YIGSR and REDV), have been immobilized on

biomaterial surfaces [3, 4].

A wide range of cell seeding densities from 4 9 103 to

2 9 105 cells/cm2 have been used for in vitro studies on

endothelial cell-biomaterial interaction [5–12]. To date,

there has been no established standard protocol to define

the seeding density, which makes it difficult to compare

different studies done on the same substrate. The bio-

compatibility of certain materials and protocols evaluated

using relatively high seeding densities, might not be

appropriate for applications whereby the availability of

cells is limited. For example, in the case of in situ endo-

thelialization of blood-contacting devices, regrowth of the

endothelial layer might be derived from the migration of

ECs from adjacent tissue (‘‘trans-mural endothelializa-

tion’’) and/or attachment and proliferation or the circulat-

ing endothelial cell precursors [13–15]. Available cell

density in both situations is considered to be low [16, 17].

It has long been recognized that cell-matrix adhesion is

predominantly mediated by integrins, and adherent cells

can sense their immediate environment through integrin-

based adhesion complexes, namely focal adhesions (FA),

tightly associated with the actin cytoskeleton [18]. Cell–

cell adhesions are also sites of physical connection as well

as signaling transduction structures for regulating cell

behavior [19]. Cadherin is a key cell–cell adhesion mole-

cule localized at adherens junctions [20] which has a
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function similar to that of integrin, which may be consid-

ered its counterpart in the FA complex. Integrins and

cadherins are two distinct families of transmembrane cell

adhesion receptors. While integrins allow cells to adhere to

the extracellular matrix, cadherins bind homotypically to

cadherins on neighboring cells and are responsible for the

development of adherens junctions in epithelial tissues.

Arthur et al. [21] showed that the signaling cascades of

both cell–matrix and cell–cell adhesion, transmitted

through integrins and cadherins respectively, involve Rho

proteins, which are key regulators in reorganization of the

actin cytoskeleton. Other studies have demonstrated cross-

talk between cell-matrix and cell–cell junctions and both

types of junctions cooperatively regulate cell movement,

proliferation, adhesion and polarization [22–24].

Stimuli from neighboring cells via interaction of cell-

surface receptors and secreted growth factors/cytokines are

strongly dependent on the cell density. When the cell density

is low, direct cell–cell contacts are limited and cell-bioma-

terial interaction is expected to be pre-dominantly influenced

by cell-substrate contact. As cell density increases, cell–cell

interaction becomes more extensive and is expected to

profoundly influence cellular responses to biomaterials [25].

This study reports on the evaluation of the effects of initial

seeding density on the EC-biomaterial interaction, by com-

paring a low seeding density of 5,000 cells/cm2 versus a high

seeding density of 50,000 cells/cm2 using human umbilical

vein endothelial cells (HUVECs). Three different PLLA

substrates, namely unmodified PLLA, PLLA–gAA–gelatin

and PLLA–gAA–chitosan, were prepared as described pre-

viously [26]. During the early phase of EC-biomaterial

interaction, cell attachment and morphogenesis are the main

cellular responses, whereas cell proliferation is the main

cellular response during the later phase.

2 Materials and methods

2.1 Surface modification and characterization of PLLA

PLLA (Purac Far East, Singapore) substrates were prepared

as described previously [26]. Briefly, acrylic acids (AA,

Sigma-Aldrich) were graft polymerized on argon-plasma

treated PLLA surface. Gelatin (Type A, Sigma-Aldrich) and

chitosan (Sigma-Aldrich) were then immobilized through

covalent bond formation between carboxylic groups found

on AA and amine groups found on gelatin or chitosan in

water soluble carbodiimide. PLLA–gAA–gelatin and

PLLA–gAA–chitosan refer to PLLA films modified with

gelatin and chitosan respectively. Surface chemical com-

position and wettability were characterized by X-ray

Spectrometer and contact angle respectively [26].

2.2 Cell attachment and proliferation

HUVECs (Lonza) were cultured in endothelial growth

medium (EGM, Lonza) under 95% humidified atmosphere

and 5% CO2 at 37�C. Cells were dissociated with 0.025%

trypsin–EDTA (Lonza) and washed in Dulbecco’s modified

eagle medium (DMEM, Gibco) for 3 min by centrifugation

to avoid any interference associated with adhesive proteins

from serum, and then seeded on the various PLLA sub-

strates in DMEM at either a low seeding density of 5,000

cells/cm2 whereby cells are sparsely distributed on the

substrate, or a high seeding density of 50,000 cells/cm2

which is comparable to cell density at confluence. After 2 h

incubation, unattached cells were gently rinsed off. The

number of attached cells was quantified by the WST-8 assay

(Dojindo, Japan). Cell attachment percentage was quanti-

fied as N2h/Nseeding 9 100%, where N2h and Nseeding were

the cell count at 2 h and the initial seeding respectively. The

cell count in each experimental condition was monitored on

alternate days until confluence was reached. Cell doubling

time of an exponential proliferation was calculated

according to the method as described previously [26].

2.3 Mechanistic study on improved cell attachment

in high-density seeding

Two mechanisms are possible for the improvement of cell

attachment at high-density seeding. The secreted growth

factors and cytokines by HUVECs at high-density seeding

are more concentrated than that at low-density seeding. In

order to study the influence of secreted growth factors and

cytokines on cell attachment, HUVECs of 5,000 cells/cm2

were seeded on pristine PLLA substrates in both fresh and

conditioned medium for comparison. Conditioned medium

here was prepared by incubating fresh EGM with confluent

HUVECs in a tissue culture flask for 24 h, and then col-

lected to centrifugation (3,600 rpm, 10 min) so as to

remove detached cells and debris. HUVECs were allowed

to attach for 2 h. The cell attachment percentage was

studied using WST-8 assay as described earlier.

It is also hypothesized that extensive cell–cell interaction

between neighboring cells at higher density promotes cell

attachment. In order to evaluate this hypothesis, HUVECs

were seeded at a density of 5,000 cells/cm2 on both pristine

and pre-seeded PLLA. Pre-seeded PLLA here was prepared

by incubating HUVECs on PLLA substrates at a density of

25,000 cells/cm2 for 24 h. Cells were allowed to attach for

2 h, and the number of attached cells was quantified by the

WST-8 assay as described earlier. The cell attachment

percentage on bare PLLA was calculated as N2h/5000 9

100%, where N2h was the cell density after 2 h incubation.

The cell attachment percentage on pre-seeded PLLA was

calculated as (N2h-Npre)/5000 9 100%, where N2h and Npre
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were the cell density after 2 h incubation and the cell

density of pre-seeding HUVECs respectively. All experi-

ments were carried out in 24-well tissue culture plate.

2.4 Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde for 15 min,

permeabilized with 0.1% Triton X-100 for 10 min, and

incubated with 10% goat serum (DAKO) in PBS for 30 min

at room temperature. Vinculin was labeled with mouse anti-

human vinculin antibody (clone h Vin-1, Sigma-Aldrich)

and visualized with goat anti-mouse IgG-FITC conjugate

(Sigma-Aldrich). Actin filaments and nuclei were labeled

with Alexa Fluor� 568 (Molecular Probe) and DAPI

(Molecular Probe) respectively. Cell images were captured

with an Olympus IX71 inverted fluorescent microscope and

Leica TCS SP5 laser-scanning spectral confocal micro-

scope (CLSM). Cell morphometric parameters, spreading

area and aspect ratio, were analyzed by the Image Pro Plus

software using a modified method of Treiser et al.[27].

2.5 Statistical analysis

Three experimental replicates (n = 3) were utilized in the

cell attachment and proliferation study. The results are

presented as mean ± SD. The cell spreading area and

aspect ratio were plotted as box plots to show the data

distribution and significant differences between measured

groups. At least 50 cells were analyzed for each experi-

mental group. Each box encompasses 25–75 percentiles,

with extending-lines covering the 95th and 5th percentiles,

the thin line representing the median (50th percentile),

and the thick line representing the mean values. Values

outside the 95th and 5th percentiles were treated as outliers,

and are represented by diamond dots. Density-dependent

cellular responses were analyzed using Student’s t-test.

Surface-dependent cellular responses were analyzed using

analysis of variance (ANOVA). A P value of less than 0.05

was used to infer statistical significance of differences.

3 Results and discussions

3.1 Extensive intercellular contact masks the surface

dependence of cell attachment

Cell attachment percentage values were compared between

low and high seeding density experimental groups, with the

results illustrated in Fig. 1a. In the case of 5,000 cells/cm2

seeding density, the cell attachment percentage appeared

to be surface dependent (ANOVA, *P \ 0.05). After

2 h incubation, about 30% of seeded cells had adhered

on unmodified PLLA. The presence of immobilized

biomolecules on the PLLA surface enhanced cell attach-

ment: 90% attachment was observed on PLLA–gAA–gel-

atin and 50% on PLLA–gAA–chitosan. These observations

agreed well with our previous study [26]. In contrast, the

surface dependence of cell attachment was not observed at

high seeding density of 50,000 cells/cm2. Instead, all sub-

strates appeared to be equivalent: about 70% of seeded

cells were able to attach on all three PLLA substrates

regardless of their differences in surface properties. High

seeding density significantly improved cell attachment on

PLLA and PLLA–gAA–chitosan (#P \ 0.05). Interest-

ingly, cell attachment percentage on PLLA–gAA–gelatin

decreased from 90 to 70%. However, the total cell count on

PLLA–gAA–gelatin in fact increased from 4,500 to

35,000. It is conceivable that high seeding density

enhanced cell attachment during the early phase of cell-

biomaterial interaction and masked any differences in the

substrate surface. Surface dependence of cell attachment

was only observed at low seeding density by eliminating

intensive cell–cell interaction.

The improvement of cell attachment at high seeding

density can possibly arise from two mechanisms: (a) In

comparison to the low seeding density, the concentration of

secreted growth factors and cytokines at high seeding

density is higher, which could contribute to stronger cell

Fig. 1 a Extensive intercellular contact masks the surface depen-

dence of cell adhesion. Surface-dependent cell adhesion was analyzed

with ANOVA, *P \ 0.05. Density-dependent cell adhesion was

analyzed with paired Student’s t-test, #P \ 0.05. b Growth factors

and cytokines secretion showed no significant effect on cell attach-

ment by comparing seeding in fresh medium (A) with that in

conditioned medium (B). Pre-seeded cells on PLLA greatly promoted

cell attachment (**P \ 0.05) by comparing seeding HUVEC on bare

PLLA (A) with that on 25,000cell/cm2 pre-seeded PLLA (C). After

2 h culture, unattached cells were removed by PBS rinsing. The

number of remaining cells were measured by WST-8 reagent
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attachment signaling stimulation; (b) In comparison to the

low seeding density, cell–cell interaction at high seeding

density is more extensive, which could contribute to cell

attachment signaling activation through crosstalk between

cell-substrate and cell–cell adhesion.

To investigate the first possible mechanism, conditioned

medium which is the EGM incubated with HUVECs for

24 h was used to represent the medium at high density

seeding. Cell attachment on PLLA at 5,000 cells/cm2 in

conditioned medium was compared with that in fresh

medium. As illustrated in Fig. 1b, cell attachment per-

centage values were about 37% in both conditions. This

implies that increased secretion of growth factors and

cytokines at high seeding densities had negligible effect on

cell attachment during 2 h incubation.

To investigate the second possible mechanism, cell

attachment on PLLA at 5,000 cells/cm2 was compared with

that on pre-seeded PLLA. As shown in Fig. 1b, a signifi-

cant increase of cell attachment percentage from 37 to 72%

was observed by pre-seeding PLLA. This strongly sug-

gested that the presence of pre-seeded HUVEC promoted

the attachment of incoming cells. This simple test dem-

onstrated a possible scenario occurring at high seeding

density, whereby adherent cells hastened the attachment of

cells from free suspension, through cell–cell interaction

followed by triggered cell-substrate attachment. Another

possible scenario is that high seeding density favors the

formation of cell–cell adhesion in suspension even prior to

cell-substrate attachment. Clumps of associated cells sed-

iment and attach on the substrate simultaneously, such that

cell attachment was significantly improved even on low

cell affinity substrates. At present, we cannot distinguish

between these two possible mechanisms.

Zhu et al. [28, 29] showed that cell attachment on

gelatin- and chitosan- modified PLLA (modified through

aminolysis) was comparable at a seeding density of 12 9

104 cell/cm2, which agrees with our results at high seeding

density. However, our study demonstrated the superiority

of cell attachment on PLLA–gAA–gelatin compared to

PLLA–gAA–chitosan at a relatively low seeding density of

5,000 cell/cm2. The data showed clearly that differences

among substrates are more pronounced at low seeding

density, but was masked at high seeding density. This

should be taken into consideration whenever biomaterials

are to be evaluated for use in applications involving low

cell densities.

3.2 Surface chemistry, rather than seeding density,

influences cell morphogenesis

After 2 h incubation, cell morphology was observed with

immunostaining of F-actin, vinculin and nuclei. As shown

in Fig. 2, cell morphology did not exhibit distinctive

differences upon comparing cells grown on the same sub-

strate at low (5,000 cells/cm2) and high (50,000 cells/cm2)

seeding densities. On PLLA–gAA–gelatin (Fig. 2c,d), cells

observed at both seeding densities exhibited the charac-

teristic morphology of spreading HUVEC. Bundles of

F-actin were found in cell lamellipodia, which are the

Fig. 2 Surface chemistry, rather than seeding density, influences cell

morphogenesis. HUVECs were seeded on PLLA (A and B), PLLA–

gAA–gelatin (C and D), and PLLA–gAA–chitosan (E and F) at low

seeding density of 5000/cm2 (A, C and E) or high seeding density of

50,000/cm2 (B, D and F). After 2 h culture, unattached cells were

removed by PBS rinsing. The remaining cells were fluorescently

stained to label nuclei (DAPI), vinculin (FITC) and F-actin (Alexa

Fluor� 568). The images were captured by Leica TCS SP5 CLSM.

Scale bar 20 lm
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broad, flat protrusions at the leading edge of a motile cell.

Filopodia, the thin finger-like structures filled with tight

parallel bundles of F-actin, were conspicuously protruding

from the lamellipodia. Both of these are well-known

structures involved in cell spreading and migration [30].

On PLLA–gAA–chitosan (Fig. 2e,f) seeded with either

5,000 or 50,000 cells/cm2, the cells were observed to have

significantly reduced spreading area in high-density seed-

ing. This was further confirmed in the subsequent mor-

phometric parameter analysis. Nevertheless, the typical

spreading cell morphology was observed under both

seeding density conditions, i.e. defined lamellipodia and

filopodia with F-actin bundles localized mostly near the

cell periphery. On PLLA (Fig. 2a,b), no obvious difference

in cell morphology between low- and high-density seeding

was found, other than the reduced cell spreading area.

Compared with the cell morphology on gelatin- and

chitosan-modified PLLA, much thinner F-actin bundles

were observed beneath the cell membrane on bare PLLA

and there was hardly any vinculin expression, thus indi-

cating poor EC affinity for unmodified PLLA as demon-

strated in our previous study [26].

Cell morphology was evaluated using two morphomet-

ric parameters, cell spreading area and aspect ratio. Cell

spreading area measures the extent of cell spreading on a

substrate as projection area. As shown in Fig. 3a, the cell

spreading area observed from a confluent EC monolayer

grown on tissue culture plate (TCPS) was 1,400 lm2 on

average. After 2 h incubation, cell spreading under any of

the experimental conditions was not able to reach that

value. It is also noted that cell spreading areas from the

high seeding density group were significantly smaller than

those observed in the low seeding density group. Spatial

restriction is believed to be the main reason for the

decrease in spreading area in the high seeding density

group.

Normal EC displays a typical ‘cobble-stone’ morphol-

ogy at confluence, with an epithelioid phenotype. By

contrast, when cells are sparse or when intercellular junc-

tions are disrupted, a fibroblastoid/mesenchymal mor-

phology predominates. Cell aspect ratio is defined as the

ratio of the major axis to the minor axis of an equivalent

ellipse. In Fig. 3b, the cell aspect ratio of confluent EC

monolayer grown on TCPS displaying cobble-stone mor-

phology was about 2.38 on average.

Amongst the low-density seeding experimental group,

the mean aspect ratio on PLLA–gAA–gelatin was about

2.80, suggesting a mesenchymal phenotype. By contrast,

aspect ratios on PLLA and PLLA–gAA–chitosan were

about 1.5, which were significantly less than that of cobble-

stone morphology. This implied that although cells adhered

on both surfaces, their cell morphology was somehow

compromised. The absence of cell attachment ligands on

PLLA and PLLA–gAA–chitosan is believed to be the main

reason for the compromised cell morphology observed on

both substrates. Unlike PLLA–gAA–gelatin, PLLA and

PLLA–gAA–chitosan contained no cell attachment mole-

cules/ligands on their surfaces. Cell attachment in serum-

free medium relied largely on hydrophobic or electrostatic

interaction between substrate and attachment ligands on the

cell membrane. Amongst the high-density seeding experi-

mental groups, cell aspect ratio on PLLA–gAA–gelatin

was reduced to 1.90, mostly due to cell–cell contact inhi-

bition. The cell aspect ratio on PLLA and PLLA–gAA–

chitosan was similar to that at low-density seeding. It

suggests that the dominant factor for aspect ratio is surface

chemistry.

The data presented in Fig. 3 suggest that cell morpho-

genesis during the early stage of cell-biomaterial interac-

tion was strongly dependent on substrate chemistry rather

Fig. 3 Seeding density influenced (a) cell spreading area and (b)
aspect ratio. Cell morphometric indicators observed on (A) TCPS,

(B and C) PLLA, (D and E) PLLA–gAA–gelatin, (F and G) PLLA–

gAA–chitosan. Cells on TCPS were confluent and incubated for

4 days. Low seeding density of 5000 cells/cm2 was used on B, D,

F. High seeding density of 50,000 cells/cm2 was used on C, E, and

G. High resolution immunofluorescent images of individual cells

were taken by Leica TCS SP5 CLSM, and then analyzed by Image

Pro Plus software. At least 50 cells were measured for each condition
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than seeding density. However, seeding density did influ-

ence some cell morphometric parameters. Reduced cell

spreading area was observed on all three PLLA substrates

and a less elongated cell phenotype was seen on PLLA–

gAA–gelatin, at high seeding density.

3.3 Extensive intercellular contact masks surface

dependence of cell proliferation

When endothelial cells are sparsely-seeded in the sub-

confluent state, they are actively proliferating and are

sensitive to growth-factor stimulation. Once confluence has

been achieved, the cells are contact-inhibited in their

growth and protected from apoptosis [31].

Figure 4a shows the cell proliferation profiles on the

various PLLA substrates as a function of culture duration,

when HUVECs were sparsely seeded at a low density of

5,000 cell/cm2. Cells grown on TCPS and PLLA–gAA–

gelatin proliferated with a doubling time to about 15–16 h.

In contrast, cell proliferation showed stagnation on PLLA–

gAA–chitosan and even negative on PLLA during the

first 72 h, with exponential growth taking place only after

72 h. Figure 4b illustrates the cell proliferation profiles

of various PLLA substrates, at a high seeding density

of 50,000 cells/cm2. Cells plated on TCPS, PLLA–gAA–

gelatin and PLLA–gAA–chitosan exhibited similar prolif-

eration behavior. Cell proliferation started a few hours

after seeding with a doubling time of about 7–9 h during

the first 24 h. After 24–72 h, cell proliferation slowed

down and eventually stopped. The number of HUVEC

on TCPS and PLLA–gAA–gelatin did not increase sig-

nificantly after 72 h, suggesting that confluence was

achieved and that cell–cell contact inhibited proliferation.

Cells grown on PLLA displayed an exponential prolif-

eration pattern, which was different from the other three

substrates.

Comparing Fig. 4a to Fig. 4b, the profound impact of

initial seeding density on cell proliferation is clearly evi-

dent. First, low density seeding revealed the superiority of

PLLA–gAA–gelatin in supporting cell proliferation com-

pared to PLLA–gAA–chitosan, while extensive intercel-

lular contact at high density seeding masked this difference

in EC behavior. Second, by plating a confluent monolayer

at high seeding density, the proliferation stagnation on

PLLA–gAA–chitosan and PLLA was overcome. In appli-

cations involving the in situ endothelialization of cardio-

vascular implants, such as coronary stents and patent

foramen ovale (PFO) occluders, the number of circulating

ECs or EC-progenitor cells is relatively low [32]. At high

seeding density, PLLA–gAA–gelatin and PLLA–gAA–

chitosan showed equivalent performance in cell attachment

and proliferation. However, at low seeding density, PLLA–

gAA–chitosan showed only marginal improvement in cell

attachment and proliferation over PLLA. Clearly, PLLA–

gAA–gelatin is a better candidate for such applications, a

conclusion that could be reached only through studies at

low seeding density.

After confluence was reached, cell morphology was

observed through cytoskeletal and focal adhesion immu-

nostaining (Fig. 5). It was found that cell morphology was

indistinguishable on the various PLLA surfaces at either

low (a, c and e) or high (b, d and f) seeding density. The

characteristic cobble-stone morphology was observed with

bundles of stress fibers extending from the nucleus to

lamellipodia across the entire cytoplasm and terminating at

FA and cell–cell junctions (Fig. 5g,h). During cell

spreading and proliferation, cells produce their own

extracellular matrix with time. The self-synthesized matrix

may in turn mask the intrinsic effects of the original sub-

strate on cell proliferation. The results of this study cor-

roborate with earlier reports—that differences in cell

Fig. 4 Extensive intercellular contact masks surface dependence of

cell proliferation. Cell proliferation was monitored over 7 days of

culture using (a) low seeding density of 5,000 cells/cm2, and (b) high

seeding density of 50,000 cells/cm2
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behavior rising from differences in seeding conditions

(substrate and/or density) are more apparent during the first

few days of cell–biomaterial interaction [33].

4 Conclusion

This study has demonstrated the important role of seeding

density in cell–biomaterial interaction. During the early

stage of cell–biomaterial interaction whereby cell attach-

ment is the pre-dominant cellular activity, low seeding

density enabled us to observe surface chemistry-dependent

cell attachment behavior. Extensive intercellular interac-

tions at high seeding density masked differences amongst

substrates, and enhanced cell attachment on all substrates

examined. During the later stage of cell-biomaterial inter-

action, cell proliferation profile was found to be surface-depen-

dent at low seeding density, whereas surface dependence was

masked at high seeding density. It is recommended that low

seeding density should be utilized for in vitro evaluation the

compatibility of biomedical materials.
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9. Bérard X, Rémy-Zolghadri M, Bourget C, Turner N, Bareille R,

Daculsi R, Bordenave L. Capability of human umbilical cord

blood progenitor-derived endothelial cells to form an efficient

lining on a polyester vascular graft in vitro. Acta Biomater.

2009;5:1147–57.

10. Boura C, Kerdjoudj H, Moby V, Vautier D, Dumas D, Schaaf P,

Voegel JC, Stoltz JF, Menu P. Initial adhesion of endothelial cells

on polyelectrolyte multilayer films. Bio-Med Mater Eng.

2006;16:S115–21.

11. Chen ZG, Wang PW, Wei B, Mo XM, Cui FZ. Electrospun

collagen-chitosan nanofiber: A biomimetic extracellular matrix

for endothelial cell and smooth muscle cell. Acta Biomater.

2010;6:372–82.

12. Crombez M, Chevallier P, Gaudreault RC, Petitclerc E, Manto-

vani D, Laroche G. Improving arterial prosthesis neo-endotheli-

alization: Application of a proactive VEGF construct onto PTFE

surfaces. Biomaterials. 2005;26:7402–9.

13. Brewster LP, Bufallino D, Ucuzian A, Greisler HP. Growing a

living blood vessel: Insights for the second hundred years. Bio-

materials. 2007;28:5028–32.

Fig. 5 Substrate dependence of cell morphology disappeared at the

point of confluence. Fluorescent micrographs of HUVEC were taken

on PLLA (A and B), PLLA–gAA–gelatin (C and D), and PLLA–

gAA–chitosan (E and F). Low seeding density of 5,000 cells/cm2 was

used in A, C and E, and high seeding density of 50,000 cells/cm2 was

used in B, D and F. (G) Matured FA clusters were observed in

HUVEC. (H) F-actin bundles terminated at FA clusters by colocal-

ization of F-actin and vinculin. The remaining cells were fluorescently

stained to label nuclei (DAPI), vinculin (FITC) and F-actin (Alexa

Fluor� 568). The images were captured by Olympus IX71 inverted

microscopy. Scale bar 50 lm

J Mater Sci: Mater Med (2011) 22:389–396 395

123



14. Avci-Adali M, Paul A, Ziemer G, Wendel HP. New strategies for

in vivo tissue engineering by mimicry of homing factors for self-

endothelialisation of blood contacting materials. Biomaterials.

2008;29:3936–45.

15. Rotmans JI, Heyligers MMJ, Verhagen HJM, Velema E,

Nagtegaal MM, de Kleijn DPV, de Groot FG, Stroes ESG,

Pasterkamp G. In vivo cell seeding with anti-CD34 antibodies

successfully accelerates endothelialization but stimulates intimal

hyperplasia in porcine arteriovenous expanded polytetrafluoro-

ethylene grafts. Circulation. 2005;112:12–8.

16. Hill JM, Zalos G, Halcox JPJ, Schenke WH, Waclawiwm MA,

Quyyumi AA, Finkel T. Circulating endothelial progenitor cells,

vascular function, and cardiovascular risk. N Engl J Med.

2003;348:593–600.

17. Lin A, Ding X, Qiu F, Song X, Fu G, Ji J. In situ endothelial-

ization of intravascular stents coated with an anti-CD34 antibody

functionalized heparin-collagen multilayer. Biomaterials. 2010;

31:4017–25.

18. Geiger B, Spatz JP, Bershadsky AD. Environmental sensing

through focal adhesions. Nat Rev Mol Cell Biol. 2009;10:21–33.

19. Dejana E. Endothelial cell-cell junctions: happy together. Nat

Rev Mol Cell Biol. 2004;5:261–70.

20. Nelson WJ. Regulation of cell–cell adhesion by the cadherin–

catenin complex. Biochem Soc Trans. 2008;36:149–55.

21. Arthur WT, Noren NK, Keith B. Regulation of rho family

GTPases by cell-cell and cell-matrix adhesion. Biol Res. 2002;35:

239–46.

22. Sakamoto Y, Ogita H, Hirota T, Kawakatsu T, Fukuyama T,

Yasumi M, Kanzaki N, Ozaki M, Takai Y. Interaction of integrin

avb3 with nectin: implication in cross-talk between cell-matrix

and cell-cell junctions. J Biol Chem. 2006;281:19631–44.

23. Schwartz MA, Ginsberg MH. Networks and crosstalk: Integrin

signalling spreads. Nat Cell Biol. 2002;4:E65–8.

24. Geiger B, Bershadsky A, Pankov R, Yamada KM. Transmem-

brane crosstalk between the extracellular matrix and the cyto-

skeleton. Nat Rev Mol Cell Biol. 2001;2:793–805.

25. Nagahara S, Matsuda T. Cell-substrate and cell-cell interactions

differently regulate cytoskeletal and extracellular matrix protein

gene expression. J Biomed Mater Res. 1996;32:677–86.

26. Xia Y, Boey F, Venkatraman SS. Surface modification of poly(L-

lactic acid) with biomolecules to promote endothelialization.

Biointerphases. 2010;5:FA32–40.

27. Treiser MD, Liu E, Dubin RA, Sung H-J, Kohn J, Moghe P.

Profiling cell-biomaterial interactions via cell-based fluorore-

porter imaging. BioTechniques. 2007;43:361–8.

28. Zhu Y, Gao C, Liu X, He T, Shen J. Immobilization of biomac-

romolecules onto aminolyzed poly(L-lactic acid) toward acceler-

ation of endothelium regeneration. Tissue Eng. 2004;10:53–61.

29. Zhu Y, Gao C, Liu Y, Shen J. Endothelial cell functions in vitro

cultured on poly(L-lactic acid) membranes modified with differ-

ent methods. J Biomed Mater Res A. 2004;69A:436–43.

30. Mattila PK, Lappalainen P. Filopodia: molecular architecture and

cellular functions. Nat Rev Mol Cell Biol. 2008;9:446–54.

31. Liebner S, Cavallaro U, Dejana E. The multiple languages of

endothelial cell-to-cell communication. Arterioscl Throm Vas.

2006;26:1431–8.

32. Huang Y, Venkatraman SS, Boey FYC, Umashankar PR, Moh-

anty M, Arumugam S. The short-term effect on restenosis and

thrombosis of a cobalt-chromium stent eluting two drugs in a

porcine coronary artery model. J Interv Cardiol. 2009;22:466–78.

33. Reilly GC, Engler AJ. Intrinsic extracellular matrix properties

regulate stem cell differentiation. J Biomech. 2010;43:55–62.

396 J Mater Sci: Mater Med (2011) 22:389–396

123


	Seeding density matters: extensive intercellular contact masks the surface dependence of endothelial cell--biomaterial interactions
	Abstract
	Introduction
	Materials and methods
	Surface modification and characterization of PLLA
	Cell attachment and proliferation
	Mechanistic study on improved cell attachment in high-density seeding
	Immunofluorescence analysis
	Statistical analysis

	Results and discussions
	Extensive intercellular contact masks the surface dependence of cell attachment
	Surface chemistry, rather than seeding density, influences cell morphogenesis
	Extensive intercellular contact masks surface dependence of cell proliferation

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


