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considered to be the most important factor 
deciding cell–biomaterial interactions.[2] As 
one of the major cell adhesive proteins in 
serum-containing cell culture, vitronectin 
(Vn) is usually organized into distinct 
domains according to alternative func-
tional properties, participating in blood 
coagulation, fibrinolysis, cell adhesion, 
and tissue remodeling.[3] These biological 
activities of Vn are directly dependent on 
its conformation. Protein adsorption could 
trigger protein conformational changes in 
a controllable manner. The cell-binding 
motif RGD (arginine-glycine-aspartic acid), 
the principal ligand for the integrin family 
of adhesion receptors on Vn, has been 
reported to be cryptic in the native form of 
Vn in solution.[4] Changes in conformation 
of adsorbed Vn may affect its RGD motif 
exposure,[5] in turn regulating the bio-
compatibility of implanted surfaces. It is 
known that various surface characteristics, 
such as chemistry, wettability, charge, and 
stiffness, could lead to different conforma-
tions of Vn after adsorption.[6] Challenges 

yet remain as to how to characterize the structure of the protein 
upon adsorption, and the impact of its conformational charac-
teristics on cellular behaviors needs to be elucidated.

Early efforts on identifying the structures of Vn adsorbed 
on typical hydrophobic and hydrophilic surfaces were made 
employing polarity-sensitive fluorophore acrylodan, and results 
evidenced that the domains surrounding the free sulfhydryl 
groups of Vn experienced different environments in solu-
tion from those on adsorbed surfaces.[5] Analysis of the sec-
ondary structure of Vn using infrared spectroscopy and cir-
cular dichroism revealed a reduction in β-sheet structure upon 
adsorption on polystyrene or oxidized polystyrene.[7] To date, 
a variety of techniques, for instance atomic force microscopy 
(AFM), X-ray photoelectron spectroscopy (XPS), time of flight 
secondary ion mass spectrometry, and quartz crystal micro-
balance, have been used to study the structure of adsorbed pro-
teins.[8] Most of the acquired structural information pertains to 
the secondary structure and orientation of adsorbed Vn. Direct 
visualization of Vn upon adsorption for clarifying its conforma-
tional changes is yet lacking. Reconstruction of classified 2D 
or even 3D structure of adsorbed Vn is essentially required for 
comprehensively understanding how cell–biomaterial interac-
tion takes place and functions at molecular level.

Adsorption of proteins associating with their conformational changes plays 
crucial roles in regulating biomaterial–cell interactions and consequent tissue 
responses to implanted biomaterials. This study reports direct visualization of 
typical serum protein, vitronectin, one of the key adhesive proteins that par-
ticipate in mediating cell behaviors, upon adsorption on typically designed sur-
faces. Carbon films with their surfaces being plasma grafted functional groups 
COOH and NH2 are used as the model substrata for this study. Nega-
tive-staining electron microscopy technique is employed for visualizing the 
adsorbed protein and 2D image classification is made and interpreted. Results 
show that adsorbed vitronectin tends to form multimer aggregate on the 
COOH-grafted surfaces, exposing extensively its cell-binding RGD (arginine-
glycine-aspartic acid) motif for enhanced cell adhesion. The adsorbed vitron-
ectin on the NH2-grafted surface forms dimer aggregate with the binding 
sites being enwrapped. The COOH-grafting triggers enhanced expressions of 
ITGA5, ITGAV, ITGB1, and ITGB3 of the adhered cells and this is likely attrib-
uted to the special spatial alignment of vitronectin upon adsorption. The con-
formational information of adsorbed vitronectin gained from the single particle 
electron microscopy analyses would shed light on design and construction of 
appropriate biomaterials surfaces for desired cellular behaviors.
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Protein Adsorption

1. Introduction

Appropriate response of tissue cells to biomaterials is one of the 
essential prerequisites for successful implantation after surgery. 
Many efforts have been devoted to understanding the dynamic 
interactions between cells and biomaterials.[1] It is established 
that upon contact with body tissue, biomaterials are coated 
with a layer of serum proteins within milliseconds, which is 
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Small-angle X-ray measurement has been taken to generate 
a 3D model of human plasma Vn.[9] The 51-residue N-terminal 
domain comprises binding sites for PAI-1,[10] integrins,[11] and 
uPAR.[12] The first 44 amino acids in the N-terminal domain 
are named somatomedin B domain and their structure has 
been resolved by NMR.[13] In addition, the central domain is 
composed of residues 131–323 and houses the binding sites for 
bacteria.[14] The C-terminal domain of Vn, comprising residues 
354–456, is thought to provide binding sites for heparin and 
complement factors.[15] It was reported that the wide separation 
between N- and C-terminal domains of Vn frees up extensive 
room on the surface to form multimeric complex.[15a] Most 
importantly, the RGD binding site of Vn lies between residues 
45 and 47,[13] which locates within a flexible region, next to the 
relatively unstructured linker sequence between N- and central-
domains. Physicochemical characteristics of biomaterials at 
their surfaces may play crucial roles in deciding possible reor-
ganization of the spatial conformation of Vn upon its adsorp-
tion, which in turn affects subsequent recruitment and adhe-
sion of cells.

To elucidate the conformational changes of the serum pro-
tein after its adsorption on biomaterials surfaces, in this work, 
the adsorbed Vn molecules were examined by negative-staining 
electron microscopy (EM). Since protein conformation is 
largely correlated with surface charge,[6b]COOH- and NH2-
functionalized carbon films were used as the typical surfaces 
for the adsorption testing. 2D image classification and interpre-
tation revealed distinctive spatial alignment of Vn molecules 
adsorbed on the surfaces. Further clarification of enhanced 
exposure of cell-binding domain of Vn and changes in inte-
grin gene expression of human osteoblast cells adhered on the 
functionalized surfaces would give insights into design and 
appropriate modification of biomaterials for desired cellular 
behaviors.

2. Results and Discussion

To characterize the plasma-grafted functional groups, XPS 
measurements were taken (Figure 1A). Chemistry of the 
carbon films coated on silicon wafer was analyzed through the 

features of the C-1s peak. The peak at 284.6 eV is assigned to 
hydrocarbon (CHx), and the peaks at 286.1 and 287.7 eV are 
likely attributed to CO (alcohol or ether) and CO (carbonyl), 
respectively. For the C-1s core spectrum of grafted acrylic 
acid, notably, the peak located at 288.3 eV refers to C(O)O, 
suggesting successful grafting of COOH groups on carbon 
films. For the film with plasma grafted allylamine, increase in 
nitrogen content on its surface is detected (Table 1). Examina-
tion of the C-1s core level shows a decrease in the relative inten-
sity of CO and CO peaks, and the appearance of a peak at 
285.3 eV is seen, which is assigned to CN bonds, indicating 
presence of primary, secondary, tertiary, or quaternary amines. 
In addition, the grafting of the functional groups COOH and 
NH2 is further evidenced by the altered wettability of the 
films (Figure 1B). Significantly decreased water contact angle 
is seen after the plasma grafting treatment, from 64.6° to 28.3° 
for the acrylic acid treated sample and from 64.6° to 43.4° for 
the allylamine treated sample. Plasma grafting is a widely used 
method to obtain monofunctional surfaces.[16] Previous studies 
have demonstrated that terminal chemical groups could affect 
protein adsorption and cell behaviors including adhesion, 
migration, and differentiation.[6b,d,17] In this case, XPS spectra 
and water contact angle measurements show that COOH- 
and NH2-terminal groups were successfully grafted.

Protein adsorption is a slow protein denaturation pro-
cess,[18] and its conformation usually encounters changes upon 
adsorption.[19] To visualize possible conformational changes of 
adsorbed Vn directly, single particle negative-staining EM tech-
nique was employed in this study. This technique has been 
used as a powerful tool for direct imaging of large macromole-
cules for reconstruction of their 3D structures. EM observa-
tion of Vn clearly suggests the fast adsorption of Vn on the 
COOH- and NH2-treated surfaces (Figure 2A-1,A-2). Protein 
adsorption is usually codetermined by van der Waals and elec-
trostatic interactions, and van der Waals interaction plays the 
predominant role at low surface charge density, while at high 
surface charge density, electrostatic interaction dominates.[20] 
In the EM images, Vn adsorption on the untreated surface is 
rarely seen (data not shown), which could be attributed to the 
fact that the capillary force brought about by blotting is larger 
than van der Waals for adsorbed Vn. However, it is likely that 
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Figure 1.  Characteristics of the plasma-grafted carbon films for the protein adsorption testing (1: the untreated sample, 2: the COOH-grafted sample, 
3: the NH2-grafted sample). A) XPS spectra of the samples (all the spectra were charge-corrected to the CC 1s core level at 284.6 eV), and B) digital 
photos showing water contact angles of the samples.



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700958  (3 of 8)

www.advmatinterfaces.de

electrostatic interaction decides the adsorption on the COOH- 
and the NH2-modified surfaces. In addition, it is noted that 
there is no significant difference in amount of adsorbed Vn 
on the functionalized surfaces (Figure 2A-1,A-2). Surprisingly, 
however, the molecules exhibit distinctive morphologies on the 
two films. Further 2D classification reveals clearly aggregation 
of Vn in specific manners, which correlates with the surface fea-
tures of the substrata (Figure 2B-1,B-2). The selected averaged 
images suggest distinctive agglomeration of Vn molecules on 
the functionalized surfaces. For the COOH-terminated film, 

Vn opts to form multimer aggregate upon adsorption, showing 
a globular shape with an average diameter of ≈20 nm. This 
result is in good agreement with a previous report claiming 
that Vn adsorbed as globular aggregates with a size between 
15 and 28 nm.[21] By contrast, Vn forms dimer aggregate upon 
adsorption on the NH2-grafted surface (Figure 2B-2). Our 
finding reveals the distinctive spatial alignment of Vn on the 
typically designed surfaces. Preliminary docking of the atomic 
N-terminal domain structure of Vn (1S4G, PDB databank)[13] 
into the selected 2D classes (Figure 2C-1,C-2) further confirms 
the observations that upon adsorption on the NH2-grafted  
surface, two monomers exactly stand side by side with one being 
curved with the dimension of ≈9 nm in length and ≈3 nm in 
width, and the other being much shorter (Figure 2C-2). For each 
aggregate formed on the COOH-grafted surfaces, “O” shaped 
conformation is seen, containing ≈9 monomers (Figure 2C-1). 
Previous small-angle scattering measurement revealed Vn to 
be peanut-shaped,[9] and for comparison purpose, the proposed 
model is also shown here (Figure 2D). Our direct visualization 
reveals similar conformation of Vn (Figure 2C-2 vs Figure 2D). 
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Table 1.  XPS analyses of the substrata grafted with the different terminal 
groups.

C1s  
[wt%]

O1s  
[wt%]

N1s  
[wt%]

Untreated 66.96 33.03 –

Plasma-grafted acrylic acid 67.39 32.14 0.47

Plasma-grafted allylamine 61.29 36.27 2.45

Figure 2.  Negative-staining EM images and image analyses of Vn adsorbed on the surfaces of the samples. A) Representative raw EM images of the 
Vn molecules in uranyl acetate stain adsorbed on the COOH-grafted surface (A-1) and on the NH2-grafted surface (A-2). B) Selected 2D averaged 
images of Vn molecule adsorbed on the COOH-grafted surface (B-1) and on the NH2-grafted surface (B-2). C) Preliminary docking of the N-terminal 
NMR domain structure of Vn (1S4G, PDB databank, ref. [13]) into the selected 2D images showing spatial alignment of the molecules (C-1, C-2, the 
atomic structure in blue color represents the N-terminal domain of the molecule adsorbed on the COOH grafted surface, and the structure in pink 
color represents the N-terminal domain of the molecule adsorbed on the NH2-functional surface). D) A previously proposed 3D structure model as 
determined by small-angle scattering measurement[9] showing similar conformation of Vn. E) The proposed model illustrating the spatial alignment 
of Vn molecules upon their adsorption on the surfaces (the parts in blue and pink colors are the intact structure of Vn adsorbed on the COOH and 
NH2 modified films, and the cell binding domain is highlighted by red color). The scale bars in (B-1), (B-2), (C-1), and (C-2) are 2.5 nm.
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Preliminary docking of the NMR N-terminal structure of Vn,[13] 
the only available high-resolution domain structure of Vn, pre-
sumably identifies the spatial alignment of ≈9 monomers for 
forming the multimer aggregate on the COOH functional-
ized surface (Figure 2C-1). It is known that to gain sufficient 
information about the alignment, 3D structure of the aggregate 
is essentially required. However, due to the fact that Vn prefers 
to adsorb on the surface in a specific manner (for instance 
lying on the surface, Figure 2B-2,C-2), it is not possible to col-
lect all views of the protein particles necessarily required for 3D 
reconstruction. Even though the resolution of the EM images 
is insufficient for clarifying the atomic structure of Vn, our 
attempt already provides helpful clues to understanding pref-
erential adsorption of Vn. The alignment of the monomers is 
schematically depicted in Figure 2E. The structural evolvement 
in terms of specific aggregation of Vn molecules after their 
adsorption on the surfaces should exert significant impact on 
following cellular behaviors.

Vn is a multidomain protein and has both positively charged 
and negatively charged regions. In the native state, the highly 
acidic residues in the amino terminus of Vn are believed to 
interact with the positively charged basic residues. This inter-
action could stabilize the entire Vn molecule in a relatively 
closed conformation, and forces the cell-binding domain into 
one location.[22] When adsorption occurs, many ligand-binding 
domains within Vn molecule appear to be differentially exposed 
according to appropriate conformation of the adhesive pro-
tein. A heparin-binding domain at residues 341–379 contains 
a large number of positively charged amino acids, having high 
affinity to the negatively charged (COOH-terminated) sur-
face.[5] In addition, the central heparin binding region is one of 
the main factors for inducing multimerization of Vn.[21] These 
could explain why Vn prefers to form multimer aggregates on 
the COOH-grafted surfaces rather than on the NH2-treated 
surfaces.

To further reveal the conformational changes of Vn after the 
adsorption, the exposure extent of its cell-binding domain was 
examined by the ELISA test. It is known that the cell-binding 
site of Vn is composed of tripeptide sequence RGD motif, 
lying between residues 45 and 47, and interacts with integrins 
in osteoblast membrane. V58-1, a mono antibody that specifi-
cally reacts with an epitope of the residues 1–130 of human Vn, 
can be used as the primary antibody to assess the exposure 
state of the RGD motif on Vn. It is surprisingly found that the 
amount of the 2nd antibody, which indicates exposure state of 
cell-binding domains of all the molecules adsorbed on the sur-
faces, shows significantly different values (Figure 3). The 2nd 
antibody exhibits higher value for the molecules adsorbed on 
the COOH-grafted surface than on the NH2-grafted surface 
(Figure 3), suggesting that adsorption of Vn does not necessarily 
mean favorite exposure of its RGD binding site for cell adhe-
sion. The exposure ratio of the cell-binding site for each mole-
cule could be determined by the ratio of the amount of 2nd anti-
body to the total amount of the adsorbed Vn. It is clear that the 
NH2-functionalized surface holds the lowest exposure ratio of 
the cell-binding site for each molecule, whereas the COOH 
grafted surface shows the highest exposure ratio. This phe-
nomenon was also reported by other researchers.[6c] Taking into 
account the EM conformations of the adsorbed Vn (Figure 2), 

it is clear that Vn prefers to form multimer aggregates on the 
COOH-charged surface, exposing a large amount of cell-
binding domains, whereas opts to form dimmer on the NH2-
modified surface with the binding sites being enwrapped.

It has been demonstrated that cell-binding function of Vn 
is mainly mediated by its RGD motif, which is located next to 
the highly acidic and negatively charged region.[18] This nega-
tively charged polar is expected to be pushed away from the 
negatively charged surface, COOH-terminated surface in 
this case, through electrostatic repulsions, in turn resulting in 
enhanced exposure of the RGD motif. This speculation is evi-
denced by our results (Figure 3). In addition, the conformation 
of adsorbed protein might also be affected by surface rough-
ness of substrate. AFM measurements show that Rq values of 
the untreated surface, the COOH-functionalized surface, and 
the NH2-functionalized surface are 0.91, 0.89, and 1.26 nm, 
respectively. The minor differences imply that in this case, the 
roughness might not be one of the main factors affecting the 
adsorption behaviors of Vn. It could therefore be concluded 
that the conformation of adsorbed Vn is mainly dominated by 
surface charge of the substrata. To further confirm this, Vn was 
diluted in PBS and the same treatment was done as that diluted 
in Milli-Q water. Result shows that no matter on the COOH-
functionalized surface or on the NH2-functionalized surface, 
Vn forms multimeric aggregates with similar size (Figure S1, 
Supporting Information). In this case, it is considered that Vn 
has already undergone a multimerization in PBS because of the 
presence of anions in the electrolyte solution. Our results are 
consistent with other reported findings that Vn is more likely to 
form multimer or encounters self-association in PBS.[5]

Further cell culturing reveals the impact of the conforma-
tional changes of adsorbed Vn on following cellular behaviors. 
After 4 h incubation, attachment and spreading of human oste-
oblast cells are clearly seen on the surfaces of the films with/
without preadsorption of Vn (Figure 4). The cytoskeleton struc-
ture of the cells was examined using fluorescence microscopy. It 
is clear that the cells adhering on the Vn-preadsorbed samples 
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Figure 3.  The relative amount of adsorbed Vn as estimated by ELISA test 
using V58-1 as the primary antibody. Error bars refer to standard deviation 
(n = 5), **p < 0.01 as compared with the control samples (analyzed by 
paired Student’s t-test).
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exhibit very well stretching state and are homogeneous with the 
actin being organized into stress fibers. The cells attached on 
the COOH-grafted surfaces exhibit more rounded phenotype, 
whereas the cells on the NH2-functionalized surfaces show 
more spindled morphology. Methyl thiazole tetrazodium (MTT) 
assessment of the cells cultured in serum-free Dulbecco’s mod-
ified eagle’s medium (DMEM) suggests more adhered cells on 
the films with preadsorption of Vn than on the non-preadsorp-
tion films (Figure 5). This in turn indicates that adsorbed Vn 

indeed promotes osteoblast adhesion. Strikingly, it is also noted 
that among all the samples, the COOH-grafted surface with 
preadsorption of Vn exhibits the most abundant adhered cells. 
NH2-grafting also brings about significantly enhanced cell 
adhesion, even though the effect is slightly weaker than that 
exerted by the preadsorption of Vn.

It is clear that preadsorbed Vn facilitates cell adhesion and 
spreading, and this is in fact attributed to exposure of the cell 
binding domain of the protein.[6a,23] Our results also show that 
upon adsorption on the COOH-grafted surfaces, Vn opted to 
form multimeric aggregates (Figure 2) with intensified expo-
sure of cell-binding domains (Figure 3). It is therefore likely that 
it is not the functional groups, COOH or NH2 in this case, 
that crucially influence the cell adhesion. Instead, the confor-
mations of Vn adsorbed on the substrata decide predominately 
the fate of the cells. In addition, the most significant increase of 
cell adhesion occurs on the untreated samples (Figure 5), which 
may be partly due to altered surface wettability.[24] The wetta-
bility of the surfaces after Vn adsorption was examined and the 
water contact angle is 61.3° ± 2.1° for the untreated surface, 
24.1° ± 3.2° for the COOH modified surface, and 38.9° ± 3.6° 
for the NH2 modified surface. The untreated surface is the 
most hydrophobic among the three surfaces (Figure 1B). Fur-
ther Vn adsorption slightly decreases the water contact angle 
of the films and hydrophilic surfaces usually facilitate cell 
attachment.[15b] Nevertheless, cell behaviors on the substrata 
are affected by many factors, among which conformation of the 
adsorbed protein plays very important roles.

To further elucidate the influence of the preadsorption of Vn 
on the cellular behaviors, expression of a number of integrin 
subunits of the cells adhered on the samples was examined 
(Figure 6). It is realized that the expression levels of ITGA5, 
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Figure 4.  CLSM images of human osteoblast cells adhered on the samples A) without and B) with the preadsorption of Vn cultured in serum-free 
medium (1: the untreated sample, 2: the COOH-grafted sample, 3: the NH2-grafted sample). The F-actin and nucleus are labeled in green and 
blue, respectively.

Figure 5.  MTT assessment of the adhesion of the cells on the surfaces of 
the samples, the cells were cultured for 4 h in serum-free medium. Error 
bars refer to standard deviation (n = 3), *p < 0.05, **p < 0.01 as compared 
with the control samples (analyzed by paired Student’s t-test).
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ITGAV, ITGB1, and ITGB3 are dramatically higher for the cells 
adhered on the COOH-grafted surface than those adhered on 
the NH2-grafted surface. Other integrins show minor differ-
ences. It has been reported that Vn could specifically bind cell 
integrins, namely αvβ1, αvβ3, α2bβ3, and αvβ5, and these integ-
rins recognize RGD motif to enhance cell adhesion, spreading, 
and differentiation.[25] This is consistent with our results 
that higher expression of the integrins αv, β1, and β3 on the 
COOH-grafted surfaces bears more exposed RGD sites of Vn 
for the more pronounced adhesion and spreading of the osteo-
blast cells. The integrin α5β1 is a fibronectin receptor,[26] and its 
high expression level possibly suggests that the adsorbed RGD-
rich protein could stimulate the cells to produce RGD-rich 
extracellular matrix proteins, like fibronectin. These results fur-
ther indicate that the conformational changes of the adsorbed 
Vn as regulated by the chemistry of substrata affect biological 
functions in gene levels of the cells.

3. Conclusion

Adsorption of Vn was examined by visualizing the molecule by 
negative-staining electron microscopy and its spatial alignment 
was analyzed by 2D image classification. Charging state of the 
substrata significantly affects the conformations of adsorbed 
Vn and the molecules tend to form multimer aggregates on 
COOH-grafted surface, exposing extensively the cell-binding 
domain. On the NH2-treated surface, Vn opts to form dimer 
aggregates. Gene expression analyses of the osteoblast cells 
attached on the model surfaces suggest remarkable impact of 
the conformations of adsorbed Vn on the cellular behaviors. The 
attempt of visualizing adsorbed Vn and interpreting the mole
cule conformations after adsorption would give insights into 
future study on biomaterial–cell interactions at molecule level.

4. Experimental Section

Preparation of Carbon Film Substrata for Protein Adsorption: Carboxylic 
acid (COOH) and amine (NH2) functionalized surfaces were prepared 
by plasma grafting acrylic acid and allylamine on carbon-coated silicon 
wafers, following previously well-established protocols.[27] Prior to the 
grafting, silicon wafers of 10 × 10 mm in width and length were washed 
with ethanol in an ultrasound bath, followed by rinsing with distilled water. 
The wafers were further cleaned using glow discharge cleaning system 
(PELCO easiGlow 91000, USA). Amorphous graphitic carbon films were 
produced by evaporating carbon layers under high vacuum (Cressington 
208C Turbo Carbon Coater, USA). The deposition was carried out at 4.3 V 
for 20 s. The plasma grafting was conducted using an anode layer ion 
beam source (ALIS). For the grafting, the carbon-coated samples were 
placed into the plasma chamber situated between the externally located 
electrodes. The chamber was evacuated to 2 × 10−3 Pa, then glow-discharge 
was initiated by introducing oxygen gas. Current of the ALIS source and 
working power were 0.37 A and 128 W, respectively. Immediately after the 
discharge treatment, the samples were exposed in allylamine and acrylic 
acid vapor for 15 min to generate amine and carboxyl groups, respectively.

Surface Analyses: Surface chemistry of the materials was detected by 
XPS (ESCALAB 250, Thermo, USA) using Al (mono) Kα irradiation, and 
C1s, O1s, and N1s core level signals were acquired. Further elemental and 
functional quantification was made using the Casa software. Wettability 
of the treated samples was examined by measuring contact angle of 
deionized distilled water droplets spreading on their surfaces by using a 
video-based optical contact angle measurement instrument (Dataphysics 
OCA20, Germany). Volume of each distilled water droplet was 3 µL and 
five measurements were taken for an average value for each sample.

EM Characterization and 2D Image Classification: Adsorption 
behaviors of Vn were assessed by negative-staining EM analyses. Vn 
molecules isolated from human plasma (Sigma V8379, USA) were 
diluted in Milli-Q water for the adsorption testing on the plasma grafted 
thin carbon films standing on 300-mesh copper grids (TED Pella Inc., 
USA). A 5 µL drop of Vn solution was applied onto the thin film sample 
and stayed for 2 min to ensure adsorption of Vn. After removing the 
excess solution by blotting with filter paper, the sample grid was stained 
by using two 5 µL drops of 2% (w/v) uranyl acetate solution. Excess 
stain was removed by blotting, and the grids were quickly dried by air 
flow. Images were recorded under low-dose conditions (10 e Å−2) on 
field emission transmission EM (FEI Tecnai 20, USA) operated at 200 kV. 
Micrographs were acquired with a Gatan Ultrascan 4 k × 4 k charge 
coupled device camera at a magnification of 71 000×, corresponding to 
a pixel size of 1.97 Å at the sample level. Picking and image processing 
of individual particle images were made using the software package 
EMAN.[28] Over 5000 particles for each sample were used for the final 
reference-free 2D classification and image analyses. Surface rendering 
and preliminary docking of atomic structure were performed in 
University of California-San Francisco (UCSF) Chimera.[29]

Characterization of Cell-Binding Domains of Vn: An enzyme-linked 
immunosorbent assay (ELISA) was performed to estimate the 
conformational change of adsorbed Vn. Each sample was coated with 
5 µL Vn solution (20 µg mL−1 in water) for 2 min, and excess solution 
was then removed by filter paper. The samples were blocked in 1% w/v 
BSA (bovine serum albumin)/PBS (phosphate buffered saline) for 1 h at 
37 °C in shaker. After 3 times washing with PBST (PBS+tween) (0.05 vol% 
of tween-20 in PBS) solution, they were brought in contact with primary 
antibody (Abcam, UK) solution for 1 h at 37 °C and were then washed 
with PBST. Afterward the samples were incubated with a secondary 
antibody conjugated with HRP (horseradish peroxidase, Sangon Biotech, 
China) for 2 h. Reaction of the samples with stable colorimetric substrata 
was examined by tetramethyl benzidine assay (Sangon Biotech, China) 
after the final washing. Optical density was read on a microplate reader 
(Spectra max 190, USA) operated using the wavelength of 450 nm. For 
each condition, three samples were used for an average value.

Cell Culture Testing: Human osteoblast cell line (hFOB 1.19 SV40 
transfected osteoblasts, the Type Culture Collection of Chinese Academy 
of Sciences, Shanghai, China) was employed for the cell culturing on 
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Figure 6.  RT-PCR detection results showing the expression level of the 
selected integrin subunits of the cells adhered on the samples with alter-
native surface treatment. For the testing, the cells were plated on the 
samples with preadsorption of Vn for 4 h in serum-free medium. Error 
bars refer to standard deviation (n = 3), *p < 0.05, **p < 0.01 as compared 
with the control samples (analyzed by paired Student’s t-test).
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the carbon coated silicon with/without the additional modification 
with the functional groups. Cells were routinely cultured in DMEM 
(Gibco) supplemented with 10% fetal bovine serum (FBS, Quanshijin) 
and 2% penicillin-streptomycin (Gibco) in a humidified atmosphere 
at 37 °C and 5% CO2. The cells were harvested with trypsin/EDTA 
(ethylenediaminetetraacetic acid) that could be inactivated by addition 
of FBS. Trypsinized cells were washed twice with serum-free medium to 
remove any trace of serum proteins.

Cell adhesion was examined using the MTT assay. Briefly, cells (5 × 104 
cells per well) were seeded on the substrata with/without preadsorbed Vn 
and they were placed in standard 24-well tissue culture plates for 4 h at 
37 °C in the atmosphere of 100% humidity and 5% CO2. After washing 
with PBS for three times, 50 µL of MTT stock solution was added into 
every well for 4 h. Subsequently, MTT solution was removed and 500 µL of 
DMSO (dimethyl sulphoxide) was added. The plate was rotated for 15 min 
at 37 °C and was read on the microplate reader using 490 nm wavelength.

For immunofluorescence assay analyses, cells were seeded onto the 
surfaces with/without preadsorbed Vn. After incubation for 4 h, the cells 
were rinsed with PBS for 3 times, and fixed with 4% paraformaldehyde 
for 20 min. They were then blocked by 1% BSA for 1 h. Actin filaments 
were stained with FITC-conjugated phalloidin (Sigma) for 90 min. Nuclei 
of the cells were labeled with DAPI (4’,6-diamidino-2-phenylindole, 
Sigma) for 30 min. As the final step, all the samples were washed with 
PBS for three times and examined immediately with confocal laser 
microscope (CLSM, Leica TCS SP5, Germany).

In addition, gene expression levels of the cells were also assessed. 
Briefly, after 4 h culturing on the Vn-preadsorbed samples, the cells were 
harvested, and their total RNA was extracted using the Trizol reagent 
(RNAiso Plus, TaKaRa, China). RNA concentration was measured 
using NanoDrop 2000 (ThermoFisher, USA) at 260 nm prior to reverse 
transcription. The first-strand cDNA was synthesized using PrimeScript 
RT reagent Kit with gDNA Eraser (TaKaRa, China) and used as RT-PCR 
templates. Real-time PCR (polymerase chain reaction) was performed 
on a quantitative real-time amplification system (LightCycler 480II, 
Roche Applied Science, Germany) using SYBR Primix Ex Taq II (TaKaRa) 
following the manufacturer’s protocol. The PCR conditions were 95 °C 
for 30 s followed by 40 cycles of 95 °C for 5 s and 60 °C for 20 s. Relative 
gene expression was determined by normalized to the expression of 
GAPDH in the same sample. The used primers are listed in Table 2.
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