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A B S T R A C T   

Fibronectin (Fn) is significant to the performance of biomaterials, and the chemistry of biomaterial surface play 
important roles in Fn adsorption and subsequent cell behavior. However, the “molecular scale” mechanism is still 
unclear. Herein, we combined experimental strategies with molecular simulations to solve this problem. We 
prepared self-assembled monolayers with varying chemistries, i.e., SAMs-CH3, SAMs-NH2, SAMs-COOH and 
SAMs-OH, and characterized Fn adsorption and cell behaviors on them. Next, Monte Carlo method and all-atom 
molecular dynamics simulations were employed to reveal the orientation/conformation of Fn on surfaces. We 
found that SAMs-CH3 strongly adsorbed Fn via hydrophobic interactions, but show poor bioactivity as the low 
exposure of RGD/PHSRN motifs and the deformation of Fn. SAMs-NH2 and SAMs-COOH could adsorb Fn effi-
ciently via vdW interactions, electrostatic interactions, hydrogen bonds and salt bridges. Fn exhibited excellent 
bioactivity for cell adhesion, proliferation and osteogenic differentiation as high exposure of bioactive motifs on 
SAMs-NH2, or as the activation of other inferior cell-binding motifs on SAMs-COOH. SAMs-OH showed poor Fn 
adsorption as the water film. However, the adsorbed Fn displayed non-negligible bioactivity due to high expo-
sure of PHSRN motif and large degree of protein flexibility. We believe that the revealed mechanism presents 
great potential to rationally design Fn-activating biomaterials.   

1. Introduction 

After implantation, the performance of biomaterials is mainly 
determined by the proteins they have adsorbed, as these proteins are the 
bridges between the cells and the biomaterial; i.e., cells adhere to the 
biomaterials via these proteins [1]. Among the adsorbed proteins, those 
in the integrin family are of great significance due to their excellent 
bioactivity to modulate cell fate [2]. In particular, the integrin 

fibronectin (Fn) has attracted much attention [3,4]. As previously re-
ported, Fn can bind many important biomolecules, e.g., collagen [5], 
fibrin [6] and a variety of growth factors [7], to undergo fibrillogenesis 
and influence essential cellular processes [8]. Additionally, there are 
PHSRN and RGD motifs in Fn, both of which play a significant role in the 
bioactivity of Fn [7]. 

After adsorption onto the biomaterial surface, the controllable con-
formations of these proteins are extremely important for exhibition of 
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their bioactivity [9]. Fn can participate in physiological processes only 
when it is in its ordered conformation, exposing the abovementioned 
bioactive motifs [10]. Therefore, modifying the biomaterial surface with 
controllable Fn adsorption is a widely acceptable strategy for the 
rational design and development of novel Fn-activating biomaterials 
[11]. Common strategies for creating an Fn-activating biomaterials 
include modulating the morphology [12], chemistry [13], surface en-
ergy [14] or composition of the biomaterial surface [15], which have 
profound consequences on the regulation of Fn adsorption and further 
improvements in cell adhesion, proliferation and differentiation. 

Among these strategies, modulating the chemical groups on the 
biomaterial surface has become significant, as this method strongly 
regulates Fn adsorption by affecting the chemical composition, hydro-
philicity and charge of the surface [16]. Studies have modified bioma-
terial surfaces with a variety of chemical groups, e.g., oligoethylene 
glycol (-OEG) [17], –CH3 [18], -PO3H2 [19], –NH2 [20], –COOH [13] or 
–OH [21], and evaluated their effects on Fn adsorption and cell 
behavior. To mechanistically reveal the relationship between these 
biomaterial surfaces and the conformation/bioactivity of Fn at the mo-
lecular scale, Monte Carlo (MC) or molecular dynamics (MD) simula-
tions are often employed [22,23]. However, during these simulations, 
the length of simulation periods and the simulation methodologies still 
need to be improved to eliminate the mismatching between simulations 
and reality. Moreover, the closer combination of simulations and 
experimental strategies is urgently required. These facts have become 
very large obstacles for the rational design of Fn-activating biomaterials 
that are in high demand in the clinic. 

In the present study, we combined experimental strategies, Monte 
Carlo and all-atom MD simulations to overcome this critical and over-
looked long-lasting problem of “chemistry-conformation-bioactivity”. 
We prepared self-assembled monolayers (SAMs) on gold containing 
methyl (-CH3), amino (-NH2), carboxyl (-COOH) and hydroxyl (-OH) 
groups to mimic biomaterial surfaces with different chemical groups. 
Then, we employed the experimental strategy of surface plasmon reso-
nance (SPR) to characterize the binding behaviors of Fn on the surfaces 
of the biomaterials, including adsorption rate, binding capacity and 
binding kinetics. We characterized the biocompatibilities and osteo-
genic activities of Fn on these surfaces to human bone marrow mesen-
chymal stem cells (hBMSCs). Finally, we employed the Monte Carlo 
method and all-atom MD simulations to reveal the molecular-scale 
mechanism of the difference in adsorption and bioactivity of Fn on the 
SAM substrates and demonstrated that there was a close connection 
between the orientation/conformation of Fn and its adsorption/bioac-
tivity. These findings will be of great significance for the rational design 
and development of Fn-activating biomaterials. 

2. Materials and methods 

2.1. Surface preparation 

Gold substrates were prepared by coating titanium (10 nm) and gold 
(40 nm) layers onto silicon wafers using an ANELVA L-400EK electron 
beam evaporator (Canon Anelva Corporation, Kanagawa, Japan) and 
then diced into pieces (10 mm × 10 mm × 1 mm) with a DS820 auto-
matic dicing saw. Then, the gold substrates were cleaned via nitrogen 
plasma treatment for 2 min with an HPC plasma cleaner system. Next, 
the substrates were washed with ethanol and highly purified water for 3 
times, and dried with a stream of nitrogen gas. The freshly cleaned gold 
slides were immediately immersed in 1 mL of alkanethiol (1-dodeca-
nethiol (CH3(CH2)10CH2SH, ≥98%, Sigma-Aldrich, USA), 11-amino-1- 
undecanethiol, hydrochloride (HS(CH2)11NH2HCl, ≥90%, Dojindo, 
Japan), 10-carboxy-1-decanethiol (HS(CH2)10COOH, ≥97%, Dojindo, 
Japan) or 11-mercapto-1-undecanol (HSCH2(CH2)9CH2OH, 99%, 
Sigma-Aldrich, USA)) in ethanol (1 mM) for 24 h at room temperature. 
After incubation, the samples were washed by ethanol and highly pu-
rified water. Then, SAMs with four chemical groups (-CH3, –NH2, 

–COOH and –OH) were obtained and referred to as SAMs-CH3, SAMs- 
NH2, SAMs-COOH and SAMs-OH, respectively. 

2.2. Fn adsorption 

All SAM substrates were immersed in 20 μg mL− 1 Fibronectin (Fn, 
R&D Systems, USA) solution in phosphate buffered saline (PBS, Gibco, 
USA) and incubated at 37 ◦C in a humidified incubator with 5% CO2 for 
1 h. Then, the Fn-coated surface was characterized by X-ray photo-
electron spectroscopy (XPS, AXIS-ULTRADLD, KRATOS, UK) and atomic 
force microscopy (AFM, MFP-3D-S, Asylum Research, USA). 

The adsorption kinetics of various concentrations of Fn (1, 5, 10, 20 
and 40 μg mL− 1) on SAM surfaces were determined with a Plexera Kx5 
V2 SPRi apparatus (Plexera® Bioscience LLC, USA). Briefly, the SAMs 
were prepared on the SPR sensor (25 mm × 75 mm × 1 mm) surface by 
immersing it in 12.5 mL of the reaction solution (1 mM) for 24 h at room 
temperature, and washed by ethanol and highly purified water. Then, 
PBS was introduced into the SPR liquid cell for the baseline, and Fn 
solutions at different concentrations in PBS were injected at a rate of 2 
μL s− 1. The raw sensorgram data (expressed as refractive units, RU) and 
the kinetic binding constants from SPR were analyzed by PlexeraDE.exe 
Software, and the mass of Fn on the SAM surface was calculated (1000 
RU corresponds to a protein density of 1 ng mm− 2). 

To evaluate the activity of Fn, the surfaces with Fn were blocked with 
3% Bovine Serum Albumin (BSA, Thermoscientific, USA) and then 
incubated with complete medium at 37 ◦C for 1 h. After that, the activity 
of Fn on the surface was determined by an enzyme-linked immunosor-
bent assay (ELISA) (Quantikine® ELISA) with a monoclonal antibody 
(mAb) (HFN7.1, R&D Systems, USA) directed toward the epitopes of the 
RGD-containing domains according to the manufacturer’s instructions. 

2.3. In vitro cell assay 

Human bone marrow mesenchymal stem cells (hBMSCs) (Cyagen Bio-
sciences Inc., USA) were cultured in culture medium (Cyagen Bio-
sciences Inc., USA) containing 10% fetal bovine serum (FBS, Cyagen 
Biosciences Inc., USA). The medium was changed every two days, and 
cells in the early passages (≤6) were collected for the in vitro assay. 
Before cell seeding, the SAM substrates were immersed in 20 μg mL− 1 Fn 
solution and incubated for 1 h (37 ◦C, 5% CO2). Then, the samples were 
further blocked with nonadhesive BSA (3% w/v) for 1 h (37 ◦C, 5% CO2) 
to prevent the adsorption of additional proteins that may influence cell 
activity. 

2.3.1. Cell adhesion and proliferation 
To characterize cell adhesion on the substrates, cells (5 × 104 cells 

per sample) were seeded onto SAM substrates containing adsorbed Fn 
and cultured for 12 h. Then, the samples were fixed in 4% formaldehyde 
for 30 min and permeabilized with 0.1% Triton X-100 PBS for 10 min. 
The cells were stained with F-actin (Alexa Fluor® 555, ThermoFisher 
Scientific, USA) for 20 min followed by DAPI (Beyotime, China) for 5 
min and observed by confocal laser scanning microscopy (CLSM, Leica 
TCS SP5, Germany). 

For the cell proliferation assay, cells (1 × 104 cells per sample) were 
seeded onto SAM substrates containing adsorbed Fn for 1, 3 and 5 days 
of culture. Then, the samples were transferred to a new plate, and cell 
viability was evaluated by a Cell Counting Kit-8 (CCK-8, Dojindo, Japan) 
assay by immersing the samples into 300 μL of the CCK-8 working so-
lution for 1 h of incubation. The absorbance at 450 nm was measured 
with a microplate reader (Thermo3001, USA). Additionally, we calcu-
lated the cellular proliferation rates based on CCK-8 results by the slopes 
of the quadratic fitting equation as follows: 

y=A1x2 + B1 

After 12 h of culture in growth medium, the gene expression and 
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protein expression of integrin β1 were measured by the qRT-PCR assay 
and Western blot, respectively. The total RNA was isolated by HiPure 
Total RNA Kits (Magentec, China) and then reverse transcribed into 
cDNA using the PrimeScript® RT reagent Kit with gDNA Eraser (TaKaRa 
Biotechnology, Japan) according to the manufacturer’s protocol. The 
total protein was extracted using lysis buffer (KeyGEN BioTECH, China) 
and then concentrated by centrifugation. The concentration of the su-
pernatant was determined by a BCA™ Protein Assay Kit (KeyGEN 
BioTECH, China) and then separated with a SDS-PAGE gel electropho-
resis kit (KeyGEN BioTECH, China). The protein expression of integrin β1 
was analyzed by Western blot utilizing primary antibodies against β1 
(1:20,000, Abcam, UK). The dilutions used of the secondary antibody 
were 1:5000. 

2.3.2. Osteogenic differentiation 
For the qRT-PCR assay, cells (5 × 104 cells per sample) were cultured 

on the SAM samples in osteogenic differentiation medium (Cyagen 
Biosciences Inc., USA). After 7 and 14 days of culture, the total RNA was 
isolated and then reverse transcribed into cDNA as described above. 
Then, qRT-PCR was performed using the SYBR Green system (Invi-
trogen, USA). Briefly, the samples were held at 95 ◦C for 10 min, fol-
lowed by 40 cycles at 95 ◦C for 15 s and 60 ◦C for 1 min. The relative 
quantification of the target genes was analyzed by the 2− ΔΔCt method. 
The primers and probe sequences (TaKaRa Biotechnology, Japan) are 
shown in Table S1. 

After 7 days of culture in osteogenic differentiation medium, ALP 
staining was conducted following the manufacturer’s instructions using 
the BCIP/NBT phosphatase substrate (1-Component) (KPL, USA). The 
stained surface was observed by a digital three-dimensional video mi-
croscope (HIROX KH-7700, Japan). 

The matrix mineralization of the cells on the SAM substrates were 
assessed for calcium deposits by Alizarin Red (AR) staining (KGA363, 
KeyGEN BioTECH, China). Briefly, after 14 days of culture in osteogenic 
differentiation medium, the samples were fixed in 4% formaldehyde, 
immersed in 500 μL of the working solution and further incubated for 
0.5 h. Next, the samples were washed with highly purified water. The 
stained surfaces were observed with a digital three-dimensional video 
microscope (HIROX KH-7700, Japan). Then, the stained cells were 
eluted by cetylpyridinium chloride (CPC, Aladdin®, China) at a con-
centration of 10% (w/v), and the absorbance at 550 nm was measured 
with a microplate reader (Thermo3001, USA). 

2.4. Molecular simulations 

2.4.1. System construction 
Computational structures of SAMs containing the four chemical 

groups (-CH3, –NH2, –COOH and –OH) were modeled with the corre-
sponding alkanethiol molecules in the experiments. Each SAM consisted 

of 396 alkanethiol chains. Thirty chains on SAMs-COOH were chosen 
randomly to be protonated with a surface charge density of 0.05 C m− 2, 
which corresponded to that of SAMs-NH2 (− 0.05 C m− 2). The 7th-10th 
type-III domains of Fn (Fn-III7-10, PDB: 1FNF) containing the PHSRN 
synergy peptide on Fn-III9, and the RGD motif on Fn-III10 was chosen as 
an appropriate alternative for full-length Fn in the simulation, holding a 
net charge of − 14 and having 7 β-strands that form two antiparallel 
β-sheet layers (Fig. 1). 

2.4.2. Monte Carlo (MC) method 
MC calculations were conducted to provide optimized orientations of 

the protein for initiating MD simulations. SAMs surfaces were simplified 
into endless planes with corresponding surface charge densities, and Fn- 
III7-10 was simplified into a coarse-grained α-carbon model that 
remained rigid throughout the calculation. Fn-III7-10 was placed over the 
endless plane by 10 nm. Electrostatic and van der Waals interactions 
were calculated with empirical equations and the corresponding pa-
rameters according to other works [24,25]. A total of 80,000,000 MC 
circulations were carried out by transferring and rotating Fn-III7-10 
around the center of mass. The first 40 million was performed for 
equilibration, while the rest were employed for statistical analysis. 

2.4.3. All-atom MD simulation protocols 
All-atom MD simulations of Fn-III7-10 were carried out using GRO-

MACS 5.1.5 [26] with the CHARMM36 and CHARMM General force 
field [27,28]. The parameters of the SAMs were derived from the 
CHARMM General force field [27,29]. All SAM sulfur atoms were kept 
stationary during the MD simulations. Approximately 70,000 water 
molecules described by the TIP3P model [30] were added to a rectan-
gular box with dimensions of 18.000 nm × 9.526 nm × 15.000 nm. 
Chloride and sodium ions were added to neutralize the system charge 
and imitate physiological ionic concentration. Fn-III7-10 was placed 0.5 
nm above the SAMs with the optimized orientations from the MC results. 

Simulations were performed in a canonical ensemble with a time step 
of 2 fs, and the system temperature was controlled at 300 K by a Nosé- 
Hoover thermostat [31] using a coupling time of 0.5 ps. The initial ve-
locity of each atom was assigned from a Maxwell-Boltzmann distribution 
at 300 K. All hydrogen bonds were constrained by the LINCS algorithm 
[32]. Nonbonded interactions were calculated by a switch function that 
started at 9 Å and cut off at 12 Å. Electrostatic interactions were 
calculated by the particle mesh Ewald (PME) method [33] in 3dc ge-
ometry with a cutoff distance of 12 Å. Periodic boundary conditions 
were applied only in the x and y directions. Two hard walls were set at 
the top and bottom sides of the simulation box. The systems were sub-
jected to energy minimization using the steepest descent method to 
eliminate steric overlap or inappropriate geometry, followed by a 100 ps 
NVT equilibration with position restraints on the heavy atoms of the 
protein backbone. Afterwards, a 300 ns production simulation was 

Fig. 1. Functional domains of human-derived plasma Fn and the crystal structure of the Fn-III7-10 segment. The orientation of Fn-III7-10 is quantified by the 
angle (θ) between the normal vector n and its electric dipole moment e. 
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performed for each system. Calculations for the orientation angle and 
gyrate radius of Fn-III7-10, and the solvent accessible surface area (SASA) 
of both cell-binding sites were implemented with GROMCAS package. 
Meanwhile, the root-mean-square deviation (RMSD), interdomain 
angle, distance between protein structural elements and SAMs, and 
intermolecular polar interactions (hydrogen bonds and salt bridges) 
were measured by VMD-1.9.4 [34]. Clustering analyses were conducted 
for the last 100 ns by calculating the backbone rmsd in pairs using 
GROMACS, and only the centroid structure of top cluster was presented 
as the representative adsorption state in this paper. The intermolecular 
free energies between Fn and the SAMs were calculated using the 
g_mmpbsa tool [35,36]. VMD-1.9.4 [34] and PyMOL-2.2.4 [37] were 
both used for visualization. The secondary structure of Fn-III7-10 was 
measured by the DSSP tool [38,39]. 

2.5. Contour mapping 

A 20 × 20 data matrix was generated by interpolation using Kriging 
correlation method from the raw data set. Briefly, the iso-electric point 
(charge) and water contact angle (hydrophobicity) of SAMs surface were 
obtained by experiment and taken as independent variables. Then, 
adsorption amount, proliferation rates and gene expressions of hBMSCs, 
and SASA of the bioactive sequences were mapped. 

2.6. Statistical analysis 

Statistical comparison was determined by analysis of variance 
(ANOVA) followed by post-hoc test and a p < 0.05 was considered to be 
statistically significant. 

3. Results and discussion 

3.1. Fn adsorption onto SAMs 

We successfully prepared SAMs with four functional end groups, i.e., 
–CH3, –NH2, –COOH and –OH, by self-assembly onto gold substrates. As 
reported, these groups could represent a hydrophobic (SAMs-CH3) and 
hydrophilic (SAMs-NH2, SAMs-COOH and SAMs-OH) surfaces as well as 
neutral (SAMs-CH3 and SAMs-OH), positively charged (SAMs-NH2) and 

negatively charged (SAMs-COOH) surfaces [20]. A detailed character-
ization of these SAMs selected for this work has been published in our 
previous study, demonstrating that surface chemistry from wettability to 
charge directed BMSCs fate [40–42]. The previous results demonstrated 
that SAMs-CH3 were hydrophobic with a water contact angle of 112.58 
± 1.56◦, while SAMs-NH2, SAMs-COOH and SAMs-OH were hydrophilic 
with water contact angles of 68.38 ± 2.01◦, 38.8 ± 2.86◦ and 22.18 ±
1.63◦, respectively [42]. The zeta potential results from SAMs-CH3, 
SAMs-NH2, SAMs-COOH and SAMs-OH are shown in other references, 
with isoelectric points of 3.2, 6.2, 2.8 and 4.0, respectively [42]. 

Fn could adsorb onto the SAM substrates but showed very different 
adsorption capabilities depending on the particular substrate. The XPS 
N1s high-resolution spectrum showed that before adsorption, there were 
negligible N1s signals from SAMs-CH3, SAMs-COOH and SAMs-OH, 
while a weak N1s signal was detected from SAMs-NH2 due to the 
amino group (Fig. 2A). Notably, after treatment with the Fn solution, 
strong N1s signals were detected from these four SAM substrates 
(Fig. 2A), demonstrating successful Fn adsorption. Interestingly, the N1s 
signals from SAMs-CH3, SAMs-NH2 and SAMs-COOH were much stron-
ger than those from SAMs-OH, showing the lower adsorption of Fn onto 
SAMs-OH. The AFM results showed that after the adsorption of Fn, the 
identity of the chemical group made a big difference on the surface 
morphology (Fig. S1). Different from the Fn on SAMs-NH2 and SAMs- 
COOH, which exhibited dot-like distributions, the Fn on SAMs-CH3 
had a mesh structure with nanocavities. As reported, conformational 
rearrangement is usually necessary for a protein to obtain an equilib-
rium adsorption state on hydrophobic surfaces [43], which would lead 
to the mesh structure of Fn on SAMs-CH3. Additionally, the Fn on 
SAMs-OH displayed a smooth morphology. 

We quantitatively analyzed Fn adsorption by SPR. The results 
showed that after Fn injection at concentrations ranging from 1 to 40 μg 
mL− 1, the protein could immediately adsorb onto SAMs-CH3, SAMs-NH2 
and SAMs-COOH, and rapidly reach saturation with the fast increase in 
the SPR response (Fig. 2B). After being washed with PBS and according 
to the procedure [44], the densities of Fn on these three SAM substrates 
with 20 μg mL− 1 Fn solution were 1.376, 0.985, and 1.368 ng mm− 2, 
respectively (Fig. 2C). However, the density of Fn was only 0.009 ng 
mm− 2 on SAMs-OH after washing (Fig. 2C). These results were consis-
tent with the XPS results (Fig. 2A) that Fn was difficult to adsorb onto 

Fig. 2. Characterization of Fn adsorption on SAM substrates. (A) XPS N1s high-resolution spectra of the samples before and after Fn adsorption. (B) Real-time 
SPR sensorgrams of Fn adsorption on the indicated SAM substrates. (C) The saturated and final adsorption mass on the indicated substrates with 20 μg mL− 1 Fn 
solution. The mass was calculated according to the SPR response, in which 1000 RU corresponded to a protein density of 1 ng mm− 2. (D) The dissociation constant 
(KD) for Fn adsorption calculated from the SPR results. (E) ELISA for the bioactivity of Fn on the indicated surfaces (n = 5). 
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SAMs-OH. We further employed the kinetic rate constants (KD values) of 
dynamic adsorption and desorption to quantify the binding of Fn on the 
SAM substrates (Fig. 2D). The results showed that SAMs-CH3 had the 
lowest KD value with the fastest adsorption reaction. As the neutral 
surface, being different from SAMs-CH3, SAMs-OH displayed the fastest 
desorption reaction with a much higher KD value than those of the other 
groups. Additionally, although there was less Fn on SAMs-NH2 than 
those on SAMs-COOH, their KD values showed negligible difference. 

We further employed ELISA to characterize the exposure of the cell- 
binding domains on the adsorbed Fn. The results showed that although 
there was more Fn on SAMs-CH3 than on the other three surfaces, its 
bound mAbs in unit mass was much lower, leading to the lower total 
bound mAbs than SAMs-NH2 and SAMs-COOH (Fig. 2E and Fig. S2). This 
result illustrated that Fn would shield more active domains on SAMs- 
CH3, further impacting the bioactivity of the protein. Notably, although 
there were less Fn adsorbed on SAMs-OH and its total bound mAbs was 
lowest (Fig. 2E), the bound mAbs in unit mass was highest (Fig. S2), 
indicating the non-negligible bioactivity of Fn on SAMs-OH. Meanwhile, 
the Fn on SAMs-NH2 and SAMs-COOH exhibited high total bound mAbs, 
demonstrating that these two surfaces could both absorb Fn and main-
tain its bioactivity (Fig. 2E). 

3.2. In vitro cell assay 

We further employed an in vitro cell assay to verify the bioactivities 

of Fn on different SAM substrates. All substrates for the cell assay were 
incubated in Fn solution (20 μg mL− 1 in PBS) at 37 ◦C with 5% CO2 for 1 
h. The fluorescent images showed that the cells on SAMs-NH2, SAMs- 
COOH and SAMs-OH with Fn displayed a well-spread morphology, 
while those cells on SAMs-CH3 with Fn had an elongated status, 
demonstrating poor adhesion (Fig. 3A). The CCK-8 results showed that 
after 1, 3 and 5 days of culture, the cells on SAMs-NH2 and SAMs-COOH 
with Fn exhibited excellent proliferation, demonstrating the high 
bioactivity of Fn on these surfaces (Fig. 3B). Meanwhile, the rate of 
proliferation on SAMs-NH2 was the highest (Fig. 3B and Fig. S3). 
However, the cells showed negligible proliferation on SAMs-CH3 with 
Fn. For example, after 5 days of culture, the cell viability on SAMs-CH3 
with Fn was only 0.51-, 0.58- and 0.60-fold compared to that on SAMs- 
NH2, SAMs-COOH and SAMs-OH with Fn, respectively (Fig. 3B). This 
result demonstrated the poor bioactivity of the protein on SAMs-CH3. 
Additionally, although there were much less Fn on SAMs-OH, the cells 
on it showed good proliferation, i.e., a little lower than SAMs-NH2 and 
SAMs-COOH, but much higher than SAMs-CH3. This result demon-
strated that the Fn on SAMs-OH displayed non-negligible bioactivity. 

We found that Fn on the SAMs surfaces exhibited the above 
enhancement in adhesion and proliferation by strongly promoting the 
expression of integrin β1 in cells at both the gene and protein levels. As 
previously reported, integrins are a large family of cell surface receptors 
that mediate cell-extracellular matrix interactions as well as intercel-
lular interactions [45]. Expression of integrin β1 enables cells to bind to 

Fig. 3. In vitro cell adhesion and proliferation assay on SAM substrates with Fn. (A) The morphologies of the cells after 12 h of culture on the indicated surfaces. 
The cells were stained with F-actin (Alexa Fluor® 555) and DAPI, in which the cell cytoskeleton was orange and the nuclei were blue. (B) CCK-8 assay for the 
proliferation of the cells on the indicated surfaces after 1, 3 and 5 days of culture (n = 5). The data was fitted with a quadratic equation and then the proliferation rate 
was obtained from the slope (A1). (C) qRT-PCR assay for the gene expression of integrin β1 in the cells on the indicated surfaces after 12 h of culture (n = 4). (D) 
Western blot results and the quantitative assay for the protein expression of integrin β1 in the cells on the indicated surfaces after 12 h of culture (n = 4). ★ denotes p 
< 0.05. 
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extracellular matrix proteins, trigger intracellular signals with the actin 
cytoskeleton and enter the mitotic cycle. The qRT-PCR results and 
Western blot results showed that the cells on SAMs-NH2 with Fn 
exhibited the highest gene and protein expression of integrin β1, 
showing 1.40-, 1.11- and 1.26-fold higher gene expression and 3.81-, 
1.13-, 1.92-fold higher protein expression compared to SAMs-CH3, 
SAMs-COOH and SAMs-OH, respectively (Fig. 3C and D). Moreover, the 
lowest expression of integrin β1 was observed on SAMs-CH3, which was 
consistent with the adhesion and proliferation results (Fig. 3A and B). 

Furthermore, we demonstrated that Fn on the SAM surfaces showed 
different osteogenic activities. After 7 and 14 days of culture, Fn on 
SAMs-CH3 showed lower osteogenic activity to hBMSCs due to the poor 
bioactivity. Conversely, Fn on SAMs-NH2 and SAMs-COOH could up- 
regulate the expression of osteogenic genes in hBMSCs, i.e., OC on the 
7th day, OC and Col-I on the 14th day, compared with the expression on 
SAMs-CH3 (Fig. 4A). The results of Alizarin red (AR) staining and ALP 
staining showed a similar trend to the qRT-PCR results (Fig. 4B, C and 
Fig. S4). Specifically, after 14 days of culture and AR staining, more red- 
formazan areas were found on SAMs-NH2 and SAMs-COOH (Fig. 4B). 
Quantitative analysis showed that the OD value of SAMs-COOH was 
higher than that of SAMs-NH2, while these two surfaces were 1.25- and 
1.12-fold compared to SAMs-CH3, respectively (Fig. 4C). And these re-
sults were consistent with that hBMSCs on SAMs-NH2 and SAMs-COOH 
had higher expressions of integrin β1. Interestingly, Fn on SAMs-OH 
showed lower osteogenic activity to hBMSCs, being similar to those on 
SAMs-CH3 (Fig. 4A–C) and inconsistent with the proliferation results. 
The inconsistency of proliferation and differentiation was also observed 
in other references. It was because that these two behaviors were 
different biological processes [13,46–48], and the cell differentiation 

would be determined by the comprehensive functions of several pa-
rameters [41,49,50]. The above results demonstrated that the Fn on 
SAMs-NH2 and SAMs-COOH had higher osteogenic activity than Fn on 
the other surfaces. 

3.3. Molecular simulations 

As reported, SAM substrates with different chemical groups affect the 
adsorption and bioactivity of Fn. Our research further showed that Fn 
strongly adsorbed on SAMs-CH3, SAMs-NH2 and SAMs-COOH but 
encountered more difficulty adsorbing onto SAMs-OH. Additionally, the 
in vitro cell assay demonstrated that the Fn on SAMs-NH2 and SAMs- 
COOH had higher bioactivity. However, the “molecular-scale” mecha-
nism of the above phenomenon is still unclear, which hampers the 
development of Fn-activating biomaterials. 

In the present study, we employed molecular simulations to reveal 
the mechanism of the difference in Fn adsorption and bioactivity on 
these SAM substrates. We chose Fn-III7-10 as an appropriate alternative 
for the full-length Fn segment in the molecular simulation, as this 
segment has been confirmed to retain the ability of full-length Fn to 
mediate cell adhesion [16]. After MC optimization, five orientations 
were obtained statistically: O1, O2 and O2’ for the surface with neutral 
charge (SAMs-CH3 and SAMs-OH), O3 for the surface with positive 
charge (SAMs-NH2) and O4 for the surface with negative charge 
(SAMs-COOH) (Fig. 5A and B). These optimized orientations were 
placed above the corresponding SAMs to initiate the subsequent 
all-atom MD simulations. Notably, O2 and O2’ demonstrated equivalent 
binding orientations where Fn-III8 was bound to the substrate, but O2 
was selected due to its higher contact area with the substrate. 

Fig. 4. In vitro osteogenic differentiation of hBMSCs on the indicated surfaces with Fn. (A) qRT-PCR assay for the gene expression of Runx-2, OC and Col-I in 
the cells on the indicated surfaces after 7 and 14 days of culture (n = 4). (B) and (C) Alizarin red (AR) staining and quantitative analysis of the cells on the indicated 
surfaces after 14 days of culture (n = 6), respectively. ★ denotes p < 0.05. 
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After 300 ns of simulation, the frames from the last 100 ns of tra-
jectories were extracted for analysis, as the protein came to a relatively 
stable binding structure deduced from the low fluctuations in RMSD 
during this period (Fig. S5). We found that in this period, Fn showed 
“side-on” or “end-on” orientations on different SAM substrates (Fig. 5C 
and D), while the binding domains were labeled according to the min-
imum distance between each domain and the SAMs substrate (Fig. S6). 
On SAMs-CH3 and SAMs-NH2, Fn exhibited a “side-on” orientation to 
bind to the SAM surface, in which at least three domains, especially both 
the end domains (Fn-III7 and Fn-III10), bound to the SAMs surface 
(Fig. 5D and Fig. S6). However, the “end-on” orientation was observed 
on SAMs-COOH, in which only Fn-III9 and Fn-III10 bound to the SAM 
surface (Fig. 5D and Fig. S6). Interestingly, there were both “side-on” 
and “end-on” orientations on SAMs-OH, and neither orientation was 
stable with changing values of orientation angle (Fig. 5C and Fig. S6). 
This result demonstrated that Fn had weak adsorption and was not 
stable on SAMs-OH, which was consistent with the XPS and SPR results 
(Fig. 2). 

We investigated the interactions between Fn-III7-10 and SAMs with 
neutral charge, i.e., SAMs-CH3 and SAMs-OH, from the last 100 ns of the 
MD simulations (Fig. 6). The results showed that there were vdW in-
teractions and electrostatic interactions appearing in similar proportions 
between Fn and SAMs-CH3, but negligible intermolecular polar inter-
action was observed (Fig. 6A and B). By further analysis of the average 
distance between protein residues and SAMs-CH3 (Fig. S7), we found 
that Fn adsorbed onto SAMs-CH3 via main interactions of both the side 
chains of nonpolar amino acids, e.g. Pro1142, Val1226, Pro1227, Pro1287, 
Pro1376, Val1426, Ala1427, Pro1430, Leu1434, Pro1459, and Pro1497, and the 
methylene parts on the side chains of lysine or arginine, e.g. Lys1223, 
Arg1369, Arg1374, Arg1379, Arg1403, and Lys1469 (Fig. 5D and Fig. S7), 

indicating the strong hydrophobic interactions between Fn and the 
surface. Interestingly, there was a hydrophilic loop bulging on the sur-
face of Fn-III7 (NGQQ) that bound to SAMs-CH3. This binding was likely 
retained by the local entropy-driven hydrophobic interaction between 
SAMs-CH3 surface and the methylene groups of asparagine and gluta-
mine/the α-hydrogen of glycine. Due to the less directionality of strong 
hydrophobic interaction, the bound Fn was endowed with high mobility 
along the SAMs-CH3 substrate and tended to aggregate into a compact 
layer, resulting in the highest density and the lowest KD value (Fig. 2). 
Being different from the Fn adsorption on hydrophobic surface, there 
was a water film between the protein and the hydrophilic substrates 
(SAMs-COOH, SAMs-NH2 and SAMs-OH), which could be quantified by 
the intermolecular polar solvation energies (Fig. 6B). The water film 
promoted the prior formation of hydrogen bonds between water mole-
cule and Fn, and blocked the direct polar interactions between Fn and 
hydrophilic substrates (Fig. S8). As there were negligible stable binding 
sites, weak adsorption of Fn was observed on SAMs-OH (Fig. S6) and 
repeated adsorption and desorption were noticed (see the trajectory 
movies in Supporting Information). The above simulation results 
mechanistically revealed the adsorption behavior of Fn on the neutral 
surfaces, in which high adsorption amount of Fn were found on SAMs- 
CH3 but much less Fn could be detected on SAMs-OH (Fig. 2). 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.bioactmat.2021.02.021 

We also investigated the interactions between Fn-III7-10 and SAMs 
with positive/negative charge (SAMs-NH2 and SAMs-COOH) from the 
last 100 ns of the MD simulations. The results showed that electrostatic 
interactions accounted for a major portion of the interactions in both 
systems (Fig. 6A and B), while large number of indirect/direct polar 
interactions were found between Fn and charged substrates (Fig. 6C). On 

Fig. 5. Binding of Fn-III7-10 to SAMs in simulations. (A) The orientations of Fn-III7-10 on the indicated surfaces after MC optimization. (B) The initial structure of 
Fn for MD simulations. Fn-III7-10 was placed 0.5 nm over the SAMs with a defined orientation angle (θ) obtained from MC optimization. (C) The orientations of Fn- 
III7-10 on the indicated surfaces during MD simulations. 300 ns MD simulation was performed, and the data of the last 100 ns were extracted for analysis. (D) The 
orientation distributions of Fn-III7-10 on the indicated surfaces in MD simulations. The protein residues close to the SAMs (distance ≤ 3.5 Å) were shown and labeled 
on the side in specific colors according to the type of side chain. Domains bound to the SAMs are listed in the square bracket followed by the type of orientation. e 
represents the electric dipole moment of Fn-III7-10. The RGD and PHSRN motifs are shown in lime and blue transparent surface representation, respectively. 
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SAMs-NH2, the polar interactions led to a close binding of the “side-on” 
orientation of Fn. Specifically, Fn-III7-8 preferably bound to SAMs-NH2, 
since the protein domains had gradually reduced negative charge from 
Fn-III7 to Fn-III10 and the negative charge concentrated in Fn-III7-8. 
However, there were mainly indirect polar interactions between Fn and 
the water layer on SAMs-NH2, and these water-bridged hydrogen bonds 
would somehow block further direct interactions of Fn with the sub-
strate. However, some salt bridges were formed, especially the one 
spotted between the carboxyl group of Glu1192 and the amino group of 
SAMs-NH2, leading to a semi-direct binding of Fn eventually. Addi-
tionally, the effects of salt bridges were more evident on SAMs-COOH. 
As the electrostatic interactions, Fn would be repelled by SAMs- 
COOH, and the high positive polar solvation energy also indicated this 
phenomenon (Fig. 6A and B). However, nearly neutral domains, Fn-III9 
and Fn-III10, managed to adsorb onto the SAMs-COOH through local 
distribution of the positively charged area on them. Many salt bridges 
were observed between the nitrogen atoms in the side chain of basic 
residues, e.g., Arg1379, Arg1445, and Lys1469, and the carboxyl oxygen 
atoms of SAMs-COOH (Fig. S7), demonstrating strong direct interactions 
(Fig. 6C). As salt bridges had higher energy (approximately 4–8 kBT 
[51]) than plain hydrogen bonds, they would theoretically be the major 
interactions to result in the stable adsorption of Fn on SAMs-NH2 and 
SAMs-COOH, being consistent with the experimental results. 

We further investigated the conformation of Fn on SAMs. The results 
showed that on different substrates, the RMSD of the protein fragment 
changed drastically, while that of each domain kept stable (Fig. S10B). 
By superimposing the protein structures (Fig. S9), we could also observe 

this phenomenon that the interdomain peptides between adjacent do-
mains changed considerably but the structure of antiparallel β-sheet 
layers are largely retained in each domain. To quantify the variation, the 
interdomain angles between adjacent two domains were measured 
(Fig. S10C). These interdomain angles showed similar variation trends 
to those of the RMSD of the whole Fn-III7-10, especially that ω3 (the angle 
between Fn-III9 and Fn-III10) exhibited the significant contribution to 
the interdomain twist of Fn structure. Notably, on SAMs-CH3, some 
changes could be observed inside the domain, being much more obvious 
than those on hydrophilic surfaces (Fig. S11). Specifically, there were 
deformations of reduced β-sheet and increased arbitrary coil in Fn-III7 
and Fn-III10 on SAMs-CH3, demonstrating the strong impact of the hy-
drophobic substrate on the binding domains. Additionally, the de-
formations would initiate larger hydrophobic area in Fn to interact with 
SAMs-CH3 and significantly improve the adsorption efficiency as 
implied by the KD value (Fig. 2). 

The simulation results further explained the differences in Fn bio-
activities. As mentioned above, SAM-CH3 would break the ordered 
β-sheet layers and increase the arbitrary coil in the secondary structure 
of Fn-III7 and Fn-III10 (Fig. S11). The loss of β-sheet in Fn-III10 would 
impact the local topology of RGD, reducing the bioactivities of Fn [52]. 
Additionally, on SAMs-CH3, the RGD and PHSRN motifs in Fn-III9-10 
displayed reduced solvent accessible surface area (SASA) (Fig. 6D). As 
reported, RGD and PHSRN are the two main cell binding sites in Fn, 
which can independently initiate the binding of Fn with specific integrin 
receptors and induce osteogenic differentiation and calcium deposition 
[53,54]. Meanwhile, SASA is an important determinant of the 

Fig. 6. Analysis of the last 100 ns of the MD simulations. (A) Intermolecular mechanical energies in terms of electrostatic interactions and van der Waals in-
teractions and (B) polar/apolar solvation energies between Fn-III7-10 and the indicated surfaces. (C) Intermolecular hydrogen bonds (directly or via adsorbed water 
molecules) and salt bridges between Fn-III7-10 and the indicated surfaces. (D) The solvent accessible surface area (SASA) of the PHSRN and RGD motifs of Fn-III7-10. 
Initial data were measured from the crystal structure of Fn-III7-10. 
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bioactivity of the protein/peptide on the surface, wherein a small SASA 
demonstrates a shielding of the residue and its bioactivity [55]. On 
SAMs-NH2, Fn-III7-8 preferably bound to the surface (Fig.5D and Fig. S6) 
and raised the cell-binding domains in Fn-III9-10 to be away from sub-
strate. Therefore, the RGD and PHSRN displayed large SASA, demon-
strating the exposure of these residues to show high bioactivity. 
Conversely, Fn-III9-10 preferably adsorbed onto SAMs-COOH due to less 
negative charge, and both cell-binding sequences closed to the local 
positively charged region on Fn-III9-10 showed smaller SASA. Mean-
while, a newly formed intramolecular hydrogen bond around RGD motif 
was observed on SAMs-COOH (Fig. S12), which would further impact 
the bioactivity. However, the Fn on SAMs-COOH exhibited bioactivity. 
It was likely to be because that this Fn-III7-10 model lacked the com-
plementary domains initiating the binding with heparin (Fn-I1-5 and 
Fn-III14-16), collagen (Fn-I6-9) and fibrin (Fn-I1-5 and Fn-I10-12) outside 
the Fn-III7-10, which could also mediate cell adhesion [56–58]. For 
SAMs-OH, although the SASA of RGD in Fn was smaller than those of 
SAMs-NH2 and SAMs-COOH, the SASA of PHSRN was large. Addition-
ally, the instability of the Fn adsorption would lead to large degree of 
protein flexibility. These factors should lead to the non-negligible 
bioactivity of Fn on SAMs-OH for cell proliferation, as shown in Fig. 3. 

According to the above results, we summarized the relationship be-
tween surface charge/wettability and other properties (Fig. 7). Gener-
ally, the hydrophobic surface (SAMs-CH3) could strongly adsorb 
proteins mainly by hydrophobic interactions. Most of the time, these 
hydrophobic interactions were strong due to the large hydrophobic area 
in the proteins partly resulting from structural rearrangement [43]. 
However, Fn on SAMs-CH3 showed poor cell proliferation promotion 
calculated by quadratic fitting functions, integrin β1 expression and 
osteogenic differentiation bioactivities. These should be caused by the 
low SASA of the RGD and PHSRN motifs and the deformation of the 
protein. Conversely, for the hydrophilic surface, both SAMs-NH2 and 
SAMs-COOH could enhance the adsorption of Fn. Fn on SAMs-NH2 
exhibited excellent bioactivity that enhanced cell proliferation, integrin 
β1 expression and osteogenic differentiation due to the high SASA of the 
bioactive sites (RGD and PHSRN). And although Fn on SAMs-COOH 

showed small SASA of RGD and PHSRN, the activation of other infe-
rior cell-binding motifs might rescue the bioactivity. Additionally, as a 
water film forms on the non-charged hydrophilic surface of SAMs-OH, 
Fn would preferentially interact with water molecules instead of the 
substrates, resulting in the unstable binding of Fn. However, the small 
amount of Fn adsorbed on SAMs-OH would not be neglected because of 
the large SASA of PHSRN and the high protein flexibility. 

Mechanistically revealing the relationship between biomaterial sur-
face and the conformation/bioactivity of Fn was significant for rational 
design of Fn-activating biomaterials. To overcome this problem, re-
searchers have employed simulations to study the behavior of Fn on the 
substrates on molecular scale, and some of them further combined 
experimental strategies [16,23,59–61]. However, most of these reports 
focused on single MC or MD simulation strategy. The single MC simu-
lation was difficult to observe the thermodynamical changes in protein 
during adsorption [59], while the single plain MD simulation would be 
lack of optimized initial orientation of protein and the protein was easy 
to be trapped in the potential well [23,60,61]. These limitations would 
cause the loss of many significant data during simulation, and lead to the 
mismatching between simulation and experiment. In our research, we 
employed MC simulation to optimize the initial orientation of Fn and 
used all-atom MD simulation to demonstrate its behavior on surface. As 
the combination of MC and MD simulation, we found the unrevealed 
change of Fn conformation, e.g., the “end-on” orientation on 
SAMs-COOH. Additionally, we combined the experimental strategies to 
explain the Fn adsorption behavior, and especially the bioactivity of Fn 
to hBMSCs on molecular scale. As the improvement of the simulation 
strategies and the close combination of simulation/experiment, our re-
sults should be much more reasonable to explain the mechanism of Fn on 
the substrates. 

Above all, we demonstrated the adsorption and bioactivity of Fn on 
different SAMs, and employed MC and MD simulations to reveal the 
mechanisms of the differences on the molecular scale. We believe that 
our results will have great potential for the rational design of Fn- 
activating biomaterials in the clinic. 

Fig. 7. The relationship between wettability/charge of the surfaces and the indicated property. (A) Fn adsorption. (B) Cell proliferation rate. (C) Gene 
expression of integrin β1. (D) Osteogenic differentiation. (E) SASA of the RGD motif. (F) SASA of the PHSRN motif. 
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4. Conclusions 

In summary, we characterized the Fn adsorption and subsequent cell 
behaviors on SAM substrates with different chemistries, i.e., SAMs-CH3, 
SAMs-NH2, SAMs-COOH and SAMs-OH. We revealed the mechanism of 
the difference according to the orientation and conformation of Fn on 
these surfaces on molecular scale by combining MC and all-atoms MD 
simulations. The results showed that Fn could strongly adsorb onto the 
hydrophobic surface of SAMs-CH3 via hydrophobic interactions but 
showed poor bioactivity due to small SASA of RGD and PHSRN motifs 
and the deformation of the protein. Meanwhile, SAMs-NH2 and SAMs- 
COOH could adsorb Fn efficiently via vdW interactions, electrostatic 
interactions, hydrogen bonds and salt bridges. Fn exhibited excellent 
bioactivity for cell adhesion, proliferation and osteogenic differentiation 
as high exposure of bioactive motifs on SAMs-NH2, or as the activation of 
other inferior cell-binding motifs on SAMs-COOH. SAMs-OH showed 
poor Fn adsorption as the water film. Additionally, Fn was difficult to 
adhere on SAMs-OH due to the water film on the substrate, but the 
adsorbed Fn on SAMs-OH showed non-negligible bioactivity due to the 
large SASA of PHSRN and high protein flexibility. Our work provides a 
robust strategy to reveal the mechanism of interaction between the 
protein and the biomaterial surface through the combination of exper-
imental strategies and molecular simulations. We believe that the 
mechanism revealed in this manuscript will be of great significance for 
the rational design of novel Fn-activating biomaterials in the clinic. 
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