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Fibronectin (Fn) is widely reported to promote cell adhesion and spreading, and recent reports attest

to the synergistic effect of coadsorbed albumin (unexpected due to the passivating character of the

latter protein). In this study, the sequential adsorption of fibronectin and albumin, and the

morphology of cultured MC3T3-E1 preosteoblastic cells are investigated on three important

biomaterial surfaces: silicon oxide, poly(styrene) (PS), and hydroxyapatite (HA). Using quartz crystal

microgravimetry with dissipation analysis, the adsorbed protein composition and mechanics are

determined. Interestingly, cell morphological changes correlate neither with the amount of Fn nor the

rigidity of the protein layer. On the PS surface, Alb is seen to significantly diminish cell spreading,

possibly due to Alb aggregation with a partially denatured initially placed Fn layer. HA appears to be

a particularly favorable substrate for osteoblast adhesion, despite having low Fn adsorption and

protein layer rigidity. VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4867598]

I. BACKGROUND

Controlling the cellular response is perhaps the grandest

challenge of biomaterials science. Material properties, e.g.,

charge, hydrophobicity, mechanical rigidity, surface topog-

raphy, are known to influence the cell response. In addition,

proteins adsorbed to the biomaterial surface—an invariable

occurrence upon exposure of the biomaterial surface to a bi-

ological fluid—are also well known to themselves influence

the material–cell interaction.1

Biomaterial interactions with circulating blood compo-

nents, and extracellular matrix proteins, occur immediately

following implantation.2 The adsorbed proteins could act in a

synergic way to confer fundamental properties to grafted

materials and promote favorable interactions between host

cells and the implant.3 The recruitment, retention, and confor-

mation of adsorbed proteins depend on the intrinsic properties

of the material, e.g., wettability, roughness, and charge.4,5

In particular, matrix proteins such as fibronectin (Fn)—a

large glycoprotein composed of two subunits, each of molecu-

lar weight 250 kDa and linked together by disulfide bonds—

are known to promote cell adhesion and spreading, and in bio-

medical applications, biomaterial–tissue integration.6–9 The

structure and stability of the human plasma Fn are well

known.10–13 Nearly all cell types express and secrete Fn,

where it can aggregate as fibrils with other extracellular mole-

cules, or remain in a soluble form.14 Fn is known to modulate

a number of cell behaviors, including adhesion, migration,

and differentiation.15,16 It is highly enriched in blood plasma

and is known to rapidly adsorb onto substrates such as

titanium oxide used for implants. Blood proteins such as albu-

min are generally much more concentrated in biological solu-

tion than are matrix proteins. Hence, important questions are

the extent to which these blood proteins themselves adsorb to

biomaterial surfaces, and their influence on the cell response.

Serum albumin (Alb) is the most abundant protein in plasma,

and its molecular weight is low, 65 kDa.17 The flexibility of

the Alb structure allows it to adopt numerous conforma-

tions.18 However, in complete contrast to Fn, Alb is known

for its cell antiadhesive properties.19

A number of recent papers have investigated the influence

of coadsorbed layers of Fn and Alb.20–24 Sousa et al. have

investigated the influence of Fn-Alb coadsorbed layers (on

titania) on the adhesion and morphology of preosteoblastic

MC3T3-E1 cells, and note that while cell adhesion generally

correlates with extent of Fn adsorption, the Fn effect can be

enhanced in the presence of a modest amount of Alb.21

Zelzer et al. considered the adhesion of fibroblasts on Fn

coated plasma polymerized allylamine (ppAAm), as well as

on Fn-Alb coated ppAAm via adsorption from Fn-Alb mix-

tures and from sequential adsorption from an Alb (or Fn) so-

lution followed by a Fn (or Alb) solution.20 These authors

also found the presence of Alb could significantly enhance

the favorable influence of Fn on cell adhesion. The favorable

influence of Alb—by itself a passivating protein—on the

Fn–cell interaction is hypothesized to be due to interfacial

crowding by Alb, resulting in Fn adsorbed in a more native

conformation.20 To test this hypothesis, and to gain further

insight into the Alb-Fn effect, we report here on the forma-

tion of binary protein layers by the sequential adsorption of

Fn and Alb, and their subsequent influence on the adhesion

and spreading of preosteoblastic MC3T3-E1 cells derived

from mouse skull bone.25 Having been well characterized in
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the literature, MC3T3-E1 cells are widely accepted as an

excellent model toward understanding material–cell interac-

tions important in bone repair.26–29

We employ quartz crystal microgravimetry with dissipa-

tion analysis (QCM-D) to determine the composition and

mechanical nature of the adsorbed layers on three model bio-

material substrates [silicon oxide (SO), hydroxyapatite

(HA), and polystyrene (PS)], and optical and fluorescence

microscopy to evaluate the cell response. SO and PS are

commonly used cell substrates, while HA is a particularly

promising contemporary material for bone repair,30 offering

high affinity to host hard tissue, biocompatibility, slow bio-

degradability in situ, and good osteoinductive capabilities.31

We find the protein adsorption and cell response to

depend sensitively on the nature of the underlying material,

Fn in all cases to promote cell adhesion, and, most notably,

the degree of enhancement of the Fn effect by Alb to corre-

late strongly with the conformation and mechanical proper-

ties of the initial Fn layer.

II. MATERIALS AND METHODS

A. Substrate characterization

Silicon oxide (QSX 303, noted SO), polystyrene (QSX

305, noted PS), and hydroxyapatite (QSX 327, noted HA)

coated quartz crystal sensors are provided by Biolin

Scientific. Sensors have diameter 14 mm, exhibit frequency

4.95 MHz þ/� 50 kHz, and are optically polished such that

surface roughness <3 nm. The specific surface chemistry of

the HA sensors consist on a uniform nanocrystalline hy-

droxyapatite (Ca10(PO4)6(OH)2).

The wettability of the sensor surfaces are obtained from

contact angle measurements of pure deionized water using a

Drope Shape Analysis DSA 10 Mk2 instrument and analysis

software. The topography of the SO, PS, and HA substrates

are measured using tapping mode atomic force microscopy

(AFM) (Nanoscope IIIa, Digital Instruments) under ambient

conditions. For each substrate, several samples are examined

at three random spots each.

B. Protein coating

Protein coatings on all surfaces are carried out with Fn

purified from human blood plasma in our laboratory32 and

subsequently with human serum albumin (Alb; Sigma-

Aldrich, Saint Louis, MO, A-9511). Substrates are coated

with 200 lL of a 50 lg/mL Fn solution for 30 min and then

washed three times with phosphate-buffered saline (PBS)

1� pH 7.4. The substrates are subsequently coated with a

1% (w/v) Alb solution in PBS1X for an additional 30 h and

washed three times with PBS1X.

1. Quartz crystal microgravimetry with dissipation

The QCM apparatus consists of a thin quartz disc sand-

wiched between a pair of electrodes. The resonant frequency

of the crystal, when excited by an alternating current voltage,

depends on the total oscillating mass, including coupled

water. The dissipation (D), or damping, of the crystal’s oscil-

lation reveals the softness of the film (viscoelasticity) and is

defined as D¼Elost/2pEstored, where Elost is the energy lost

(dissipated) during one oscillation cycle and Estored is the

total energy stored in the oscillator. A soft adsorbed layer

exerting strong damping leads to a large D, so the change in

dissipation (DD) is related to a change in the rheological

properties (or softness) of the adsorbed protein layer.

The QCM-D instrument (D300, Q-Sense, Sweden) is

composed of a parallel plate flow cell whose bottom surface

is a Sensor Chip (Q-Sense), consisting of a planar SO, PS, or

HA layer on a quartz crystal. SO, PS, and HA-coated sensor

chips are placed in the flow cell and thoroughly rinsed with

PBS until a stable baseline is achieved. The equilibrated

sample solution is introduced into a chamber (volume 75 ll)

in contact with the sensor (area 0.78 cm2), detecting the fre-

quency and dissipation parameter. A Fn solution (50 lg/mL)

is then introduced for 30 min. Protein deposition is followed

during three successive buffer rinses of 5 min each. Fn

coated sensors are subsequently coated with Alb (1% w/v)

solution for an additional 30 min, and then rinsed three times

for 5 min each in PBS. Surface densities as small as

10 ng/cm2 can be precisely determined via QCM-D.

C. Cell culture

MC3T3-E1 cells, established as a preosteoblastic cell line

from newborn mouse calvaria,25 are grown in alpha minimal

medium (GIBCO
VR

, Invitrogen, Carlsbad, CA) supplemented

with 10% (v/v) fetal bovine serum (PAA Laboratories,

Austria) and 1% (v/v) penicillin/streptomycin (10 000 U/mL

and 10 000 lg/mL, respectively; GIBCO, Invitrogen, Carlsbad,

CA). Cells are cultured in 25 cm2 plastic culture flasks and

incubated in a humidified incubator at 37 �C with 5% CO2.

D. Immunostaining procedure

We employ the following antibodies or reagents: mouse

monoclonalti-vinculin (1:100; Sigma-Aldrich, Saint Louis,

MO, clone hVIN-1), tetramethyl rhodamine iso-thiocyanate

(TRITC)-coupled phalloidin (1:400; Sigma-Aldrich, Saint

Louis, MO) or fluorescein isothiocyanate-coupled phalloidin

(1:200; Sigma-Aldrich, Saint Louis, MO). Goat anti-mouse

coupled to TRITC (1:100) was from Sigma-Aldrich (Saint

Louis, MO). Nuclei were revealed with 0.1 mg ml-1 40,6-dia-

midino-2-phenylindole dihydrochloride (DAPI; Sigma-

Aldrich, Saint Louis, MO).

Cells are fixed in 4% paraformaldehyde/PBS1X and per-

meabilized in 0.1% TritonX-100/PBS for 10 min at room tem-

perature. A blocking solution consisting of a 0.3% w/v bovine

serum albumin diluted in PBS1X is applied for 1 h at room

temperature. Cells are then incubated for 1 h with primary

antibodies, washed three times in PBS1X, and incubated for

additional 45 min with secondary antibodies. Finally, cover-

slips are washed and mounted in Mowiol or PBS-glycerol

(50:50 v/v). Epifluorescence images were obtained on a

microscope (DMLB, Leica, Solms, Germany) equipped with

10� and 20� objective lenses, and are recorded on a CCD
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camera (DFC420, Leica, Solms, Germany) using Leica soft-

ware. Gray level images are treated and assembled using

Adobe
VR

, Photoshop
VR

, and Adobe
VR

Illustrator
VR

CS2 software

version 9.0 (Adobe System, Inc.).

E. Cell morphology

To study individual cell morphology, MC3T3-E1 cells

are cultured at an average density of 20 000 cells per cm2

during 3 h in complete medium on the different substrates

and coatings. Quantifications are performed using ImageJ

software (Rasband, W.S., ImageJ, U.S. National Institutes of

Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/,

1997–2005).

Cell surface: Average cell surface is measured after binar-

ization and thresholding of actin fluorescence gray level

acquisitions using the ImageJ software.

Cell shape: Average cell circularity [Circularity¼
4parea/(perimeter)2] and roundness (Roundness¼ [minor

axis]/[major axis]) are measured using ImageJ software based

on actin staining. A circularity value of 1 indicates a perfect

circle. A value near 0 would most often correspond to a very

elongated shape or a stellate morphology with thin membrane

protrusions. A roundness value of 1 also corresponds to a perfect

circle, whereas a value near 0 indicates a very elongated shape.

F. Statistical analysis

Statistical analysis was performed using GraphPad Prism

5.0. All data are presented as the mean 6 SEM. One-way

repeated measures analysis of variance (ANOVA) is fol-

lowed by the Dunnett’s multiple comparison post-hoc test

for the three different substrates independently. A p < 0.05

is considered as statistically significant.

III. RESULTS

A. Surface characterization

To assess the predominant hydrophobic/hydrophilic na-

ture of the surface, static water contact angles (SWCA) are

measured on the different substrates (Fig. 1). As expected,

the glass substrate (SO) is highly wettable and present a less

hydrophobic surface, with a SWCA of 23�6 2 [Figs. 1(a)

and 1(d)], whereas PS is the most hydrophobic, presenting a

SWCA of 98.5�6 1.2 [Figs. 1(c) and 1(d)]. Hydroxyapatite

(HA) shows an intermediate hydrophobicity, revealing a

SWCA of 69.5�6 5.6 [Figs. 1(b) and 1(d)]. To investigate

substrate roughness, sensors are tilted forward and back-

ward, and the dynamic contact angle was measured.

Deformation of the water drop is most prominent in the case

of HA, whereas deformation is very slight for PS, suggesting

the important roughness of HA compared to PS. AFM analy-

sis confirms these observations, revealing that HA to be

highly rough compared to SO and PS.

B. Surface protein deposition

QCM-D is used to determine the kinetics of adsorption

and the stability of Fn and Fn/Alb layers on the different sub-

strates. In Fig. 2, we show kinetic curves representing Fn

and Alb adsorption in series on SO (A), PS (B) and HA (C)

surfaces. The substrates are first exposed to Fn for 30 min,

and then subjected to three buffer rinses of five min each.

Next, Alb is introduced for an additional 30 min, followed

again by three 5-min buffer rinses. Adsorption is evident by

a decrease in the quartz crystal resonance frequency, and in

increase in the dissipation factor. The corresponding mass

densities was calculated with the Sauerbrey equation using

FIG. 1. AFM images and static contact angle photographs on SO (a), PS (b), and HA (c) substrates. Contact angle values (D) using 20 ll pure deionized water.
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Dm¼� C � Dfn, where C is a constant equal to 17.7 ng

Hz�1 cm�2. Figure 3(a) Fn adsorption is observed to be very

rapid on SO and HA (90% saturation reached at 5 min) and

somewhat slower on PS (90% saturation reached at 15 min).

Following 30 min of adsorption, the Fn quantity is quite sim-

ilar on each of the three substrates (around 440 ng þ/�
40 ng). During the subsequent buffer rinsing steps, very little

Fn desorption occurs on the PS surface, while the Fn density

decreases by about 20% and 50%, respectively, on the SO

and HA surfaces.

At the 50 min time point, the Fn layer is exposed to an

Alb solution, and further adsorption is observed. The extent

of additional adsorption is quite different on the three surfa-

ces: 380 on PS, 330 on HA, and 160 on SO (all in ng/cm2,

with uncertainty þ/� 40 ng/cm2) The second step adsorption

to PS is quite stable, with only about 5% of total protein

desorbing during the rinse steps. The SO and HA systems

are somewhat less stable, with about 20% and 35% of the

previously place protein, respectively, desorbing during the

second step rinse. In the SO system, this desorption,

FIG. 2. (Color online) Change in resonance frequency (left column) and dissipation parameter (right column) during the adsorption of 50 lg�ml�1 Fn followed

by 1% Alb adsorption on (a) the SO surface, (b) the PS surface, and (c) the HA surface. F5/5 and the D5/5 frequency and dissipation are shown, of one experi-

ment among a minimum of 3.
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combined with the low second step adsorption, results in

final quantity of protein that is only 10% more than that

obtained through the first step adsorption þ rinse. Assuming

no Fn desorption occurs during the second step adsorption or

rinse, the layer compositions are 87%, 56%, and 57% Fn on

SO, PS, and HA, respectively.

The dissipation parameter, a quantity related to the visco-

elastic property of the adlayer, is also investigated at each

step and on each substrate [Fig. 3(b)]. Interestingly, whereas

the quantity of Fn adsorbed on SO and PS, after rinsing, is

about two times larger than that on HA, the dissipation factor

of the Fn layer is clearly not two times larger on SO and PS

compared to that on HA, suggesting the Fn layer on HA to

be softer. Again using dissipation per adsorbed mass as a

measure of softness, following addition of the Alb layer, we

observe layer softness to rank HA> SO> PS.

C. MC3T3 cell morphology

In order to test the effects of surface type and protein

layer on osteoblastic cell responses in term of attachment

and spreading, we consider the morphologies of MC3T3-E1

cells cultured on the various systems. Without any protein

layer, cells present different morphologies depending on the

material used, as revealed using phallo€ıdin staining. On SO

and HA, cells adhere and present comparable spread mor-

phologies [Figs. 4(a) and 4(c)]. On HA, membrane protru-

sions can be observed, although cells do not have a clear

stellate morphology [Fig. 4(c)]. However, on these two sub-

strates, the average cell surface is quite comparable (around

3800 lm2, Fig. 5). On PS, MC3T3 surface area is signifi-

cantly lower (around 1200 lm2, Fig. 5), and many cells ex-

hibit membrane protrusions [Fig. 4(b)].

On SO, the effect of Fn coating onto the cell spreading is

not significant [Figs. 4(d) and 5]. However, many cells pres-

ent large stress fibers oriented in parallel with one another

[Fig. 4(d)]. On PS and HA [Figs. 4(e), 4(f), and 5], the pres-

ence of Fn increases significantly the average cell area, to

about 5500 lm2. In the case of PS, this represents a factor 3

increase.

For all substrates cell spreading is promoted to a lesser

degree with the FnþAlb layers than Fn alone does. In the

case of SO, the FnþAlb layer actually induces less spread-

ing than does the bare substrate. On PS and on HA, clear dif-

ferences are observed in the resulting cell morphologies with

and without Alb. On PS, cells exhibit an elongated and bipo-

lar morphology [Fig. 4(h)]. On HA, differences are more

subtle and involve the formation of parallel membrane pro-

trusions [Fig. 4(i)].

To further evaluate cell morphology, we consider two

additional parameters: cell circularity and cell roundness

(see Sec. II). On SO and PS, cell circularity is lower on a Fn

coated versus a pure substrate, and lower still for a Fn/Alb

coating, with low circularity resulting from a more stellate

or elongated morphology [Fig. 6(a)]. On HA, the circularity

is about the same on the bare substrate and the Fn layer, but

much lower on the FnþAlb coating. Cell roundness results

follow approximately the same trends.

D. MC3T3 focal adhesion organization

Numerous focal adhesion complexes are observed in

MC3T3-E1 preosteoblasts cultured on HA, for all coatings.

Cell cytoskeleta appear oriented with large focal adhesion

plaques (>3 lm long) following stress fibers. In particular,

on FnþAlb coated HA, cells display oriented protrusions

and focal adhesions, and are often polarized following a

main axis of the cells, suggesting the cytoskeleton to be sen-

sitive to the nature of the Fn coating. It is interesting to note

focal contacts organized around the nucleus to be present

only on preosteoblasts cultured on Fn coated HA (i.e., w/o

Alb). Furthermore, basal stress fibers perpendicularly ori-

ented to the main axis are also present along cell nucleus

(Fig. 7).

IV. DISCUSSION

The sequential adsorption of two important proteins—Fn

and Alb—on substrates representing a range of physical and

chemical properties (e.g., wettability and roughness) is

investigated, as well as their resulting effects on MC3T3-E1

early stage behavior. Fn is a key protein of the extracellular

matrix, widely used to facilitate cell adhesion, while Alb

FIG. 3. (Color online) Quantity of protein (a) and change in dissipation pa-

rameter (b) during the adsorption of 50 lg�ml�1 Fn followed by 1% Alb

adsorption on the SO surface, the PS surface and the HA surface. The result

shown corresponds to the average data of F1, F3, and F5 frequency and D1,

D3, and D5 dissipations values of experiments done in triplicate.
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generally inhibits cell attachment.33 Previous studies have

demonstrated how physical and chemical properties of a sub-

strate surface, such as wettability and topography, influence

protein adsorption.34,35

The substrates investigated here all have significantly dif-

ferent chemical and physical properties. SO is a metal oxide

and quite hydrophilic, PS is an aromatic polymer and quite

hydrophobic, and HA is a mineral form of apatite and

FIG. 4. Morphology of MC3T3 cells depends on substrate type and coating conditions. Actin staining of MC3T3 cells cultured during 3 h in complete medium

on glass (SO), PS, or HA coverslips. Cells are seeded at a density of 20 000 cells per cm2 in absence of coating (Ø), with Fn or fibronectin and albumin

(FnþAlb). The scale bar represents 100 lm.

FIG. 5. Quantification of average cell surface area. Average cell surface area

is measured using ImageJ software based on actin staining of MC3T3 cells

cultured during 3 h in complete medium on the different substrates and coat-

ings. Statistical analysis is performed using GraphPad Prism 5.0. All data

are presented as the mean 6 SEM. One way ANOVA is followed by

Dunnett’s multiple comparison post-hoc test for the three different sub-

strates independently. A p < 0.05 is considered to be statistically significant.

(***p< 0.001; **p< 0.01; and *p< 0.05).

FIG. 6. Evaluation of cell shape through cell circularity and roundness.

Average cell circularity and roundness are measured using ImageJ software

based on actin staining of MC3T3 cells cultured during 3 h in complete me-

dium on the different substrates and coatings. A circularity value of 1 indi-

cates a perfect circle. A value near 0 would most often correspond to a very

elongated shape or a stellate morphology with thin membrane protrusions. A

roundness value of 1 also corresponds to a perfect circle whereas a value

near 0 indicates a very elongated shape. Statistical analysis is performed

using GraphPad Prism 5.0. All data are presented as the mean 6 SEM. One

way ANOVA is followed by Dunnett’s multiple comparison post-hoc test

for the three different substrates independently. A p< 0.05 is considered to

be statistically significant. (***p< 0.001; **p< 0.01; *p< 0.05; and

ns¼ nonsignificant).
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somewhat less hydrophobic than PS. Both SO and PS sub-

strates are quite smooth, whereas HA is rougher on the nano-

scale, as demonstrated by liquid contact angle analyses and

AFM topographic image. Surface microtopography is known

to influence Fn adsorption, but the improved Fn adsorption

by nanoscale topography has also been noted.36,37

Furthermore, substrate wettability is known to impact Fn

adsorption and conformation.

Using QCM-D, we observe the quantity of Fn adsorbed to

rapidly reach about 500 ng/cm2 for each substrate studied.

The kinetics of adsorption, however, are much slower on the

more hydrophobic surface. PS is known to induced a signifi-

cant denaturation of Fn;35 these structural molecular rear-

rangements may explain the slow kinetics. A significant

desorption is observed on HA, compared with SO and PS,

and after rinsing and equilibration, the quantity of Fn is two

times less on HA then on the other surfaces. According to

the size and interfacial organization of Fn, a full monolayer

is most likely not reached in the FnþAlb on HA system.

The QCM-D dissipation parameter represents the ratio of

the loss to storage moduli, and generally scales as the film

thickness for a given material. The ratio of the dissipation

parameter to adsorbed mass is thus a reasonable measure of

film “softness” (in a viscoelastic sense). Using this measure,

we observe the Fn layers on SO and HA to become softer

upon adsorption of Alb, and the Fn layer on PS to become

slightly stiffer. As mentioned above, Fn is known to denature

on PS; the increased rigidity following Alb adsorption on PS

may indicate an aggregation of Alb with the denatured Fn.

We also observe the Fn and the FnþAlb layers on HA to be

far softer than the corresponding layers on SO and PS, per-

haps indicating weak surface attachment and/or protein con-

formations mainly in the native state. These results are

consistent with those of Renner et al., who investigated Fn

displacement at interfaces, and demonstrated a strong corre-

lation of the state of the adsorbed Fn molecules with their

exchange characteristic in competition with Alb mole-

cules.38 These authors concluded that fibronectin is attached

onto hydrophilic surfaces as a “softer,” less rigid protein

layer, in contrast to the more rigid, densely packed layer on

hydrophobic surfaces. As a result, the fibronectin displace-

ment kinetic remains constant for the strongly interacting

surface and fibronectin exchange is mainly observed for the

weakly interacting surface.

MC3T3-E1 preosteoblasts are cultured for a short period

(3h) to investigate the biological influence of the Fn and

FnþAlb coatings on each of the three substrates. Cell mor-

phology of M3T3-E1 preosteoblasts is significantly modified

by the Fn coating even on substrates unfavorable to cell

spreading, such as PS.39 In all cases, cells spreading is higher

and cell circularity is lower when Fn is pre-adsorbed. Also in

all cases, a subsequent Alb layer yields lower spreading and

lower circularity. In the case of SO and HA, a polygonal cell

morphology results, while cells cultured on PS tend to be

elongated. Cell spreading is often correlated with amount of

Fn present and with substrate stiffness.40 Our results tend not

to follow this pattern, in particular, the HA substrate contains

the least amount of Fn and is the softest (both prior to and af-

ter Alb adsorption), yet exhibits the highest degree of cell

spreading.

Interestingly, the addition of Alb to the Fn layer has a

much greater influence on cells cultured on PS than on cells

cultured on SO and HA. The increased rigidity of the

FnþAlb layer, and its high stability to a buffer rinse, may

indicate Alb aggregation with the Fn layer, possibly acting

to block access to the Fn cell binding sites. Previous reports

have concluded that coadsorbed Alb can enhance the Fn

effect;41 our cell spreading results do not corroborate these

FIG. 7. (Color online) Modification of MC3T3 morphology and focal adhesions organization on hydroxyapatite substrate for various coating conditions.

Vinculin (red), actin (green), and nucleus (DAPI; blue) stainings of MC3T3 cells cultured during 3 h in complete medium on HA. Cells are seeded at a density

of 20 000 cells per cm2 in the absence of coating (HA), with fibronectin (HAþFn) or fibronectin and albumin (FnþAlb) coatings. Scale bar¼ 100 lm.
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findings, although we do note an enhanced influence of cell

circularity in each system studied.

To examine HA influence on MC3T3-E1 cells morphol-

ogy and cytoskeleton organization was visualized. F-actin

fibers and focal adhesion contacts were stained on cells cul-

tured on HA after Fn and Alb coating. Cell morphology was

sensitively the same on HA whatever the coating was, cell

roundness was not significantly different, but Fn coating

enhanced cell area. Previous studies demonstrated that Fn

was partially unfolded on HA and Fn cell binding domain

was more available42 whereas Fn bind on a more compact

and rigid conformation on gold substrates presenting wett-

ability and stiffness comparable to SO.43 Those results may

be correlated with the numerous focal contact points

observed on HA coated with Fn. The interesting point to

focus on was the organization of focal contacts; dorsal adhe-

sion with basal actin fibers was observed only for preosteo-

blasts cultured on Fn while only conventional focal adhesion

was shown on uncoated or FnþAlb coated HA. Kim et al.
demonstrated that such a cell organization was observed on

cells cultured on stiff substrate to reduce the squeeze onto

the nucleus induced by stress fibers.44 Since Fn films are

stiffer without the addition of Alb, we hypothesized that the

dorsal focal adhesion observed was present to reduce the

stress onto the nucleus due to Fn film and subsequently by

actin cytoskeleton. Furthermore, HA is the substrate that

stimulates the more MC3T3-E1 spreading and the cytoskele-

ton organization whatever the coating was. In a previous

study, nanotopography created by pits (<10 nm) formed on

the surface of poly(L-lactic acid) substrate did not influence

MC3T3-E1 cells substrates behavior after a Fn coating.45

This topography was hidden by adsorbed Fn film on the sub-

strate. On the contrary, in our study, substrates roughness

influenced probably more preosteoblasts behavior than the

sequential adsorption of Fn and Alb. Interestingly MC3T3-

E1 cells cultured on HA coated with Fn had the most numer-

ous focal contacts with a complex cytoskeleton organization

and they were the more spread compared to all samples. We

hypothesized that HA and Fn had a synergic effect on preos-

teoblasts adhesion and spreading, and hence, they may influ-

ence their functional orientations (e.g., proliferation and

differentiation)

V. CONCLUSION

We investigate here the adsorption of the matrix protein

Fn and the blood protein Alb, and the adhesion and morphol-

ogy of contacting MC3T3-E1 preosteoblasts, to three impor-

tant biomaterial surfaces: SO, PS, and HA. We find, as

schematized in Fig. 8, Fn adsorption extent, FnþAlb coad-

sorption extent, and rigidity of the Alb-Fn layer to rank

PS> SO>HA. Despite the weak Fn adsorption and soft pro-

tein layer, HA exhibited the highest extent of cell spreading,

suggesting it to be especially promising in bone contacting

biomaterial applications. We observe no synergy between Fn

and Alb; notably, Alb completely reverse the Fn effect in the

case of PS, probably due to aggregation with denatured Fn.
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