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ABSTRACT

Protein adsorption on surfaces is used in analytical tools as an immobilization mean to trap the 

analyte to be detected. However, protein adsorption can lead to a conformational change in the 

protein structure, resulting in a loss of bioactivity. Here, we study the adsorption of the Streptavidin 

– Biotin complex on amorphous SiO2 surfaces functionalized with five different silane self-

assembled monolayers by all-atom Molecular Dynamics simulations. We find that the Streptavidin 

global conformational change increases linearly with the adsorption energy, which depends, as 

well as the nature of residues with high mobility, on the alkyl chain length and head group charge 

of silane molecules. Effects on interactions with Biotin are further investigated by Steered 

Molecular Dynamics (SMD) simulations, which mimics Atomic Force Microscope (AFM) 

spectroscopy with the Biotin attached on the tip. We show the combined effects of adsorption-

induced global conformational changes and of the position of residues with high mobility on the 

force of Biotin detachment.  By comparing our results to experimental and SMD detachment forces 

obtained in water, without any surface, we conclude that silane with uncharged and short alkyl 

chains allow Streptavidin immobilization, with high adsorption energy, while keeping Biotin 

interactions better than silanes with long alkyl chains or charged head-groups. 
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INTRODUCTION

Adhesion of protein on surface has major issues in many applications. Indeed, depending on the 

final orientation or conformation, protein adsorption can lead to inflammatory response at the 

surface of an implant. Furthermore, protein adsorption is also used in analytical devices as a simple 

immobilization mean allowing for the subsequent capture of the analyte to be detected.1 

Consequently, it is crucial to understand the surface physico-chemical parameters that govern the 

conformation of proteins adsorbed on surfaces. 

Interactions with proteins were investigated for a large range of surfaces, including polymers2, 

graphene3 and Self-Assembled Monolayers (SAM). For instance, the adsorption of blood plasma 

proteins on alkanethiol SAM was investigated by Atomic Force Microscopy, demonstrating that 

adhesion force varies as a function of alkanethiol terminal group (-COOH, -OH, -NH2, -CH3) and 

protein.4 Among surfaces, silane SAM are promising ones to monitor the surface properties of 

oxide materials and to control protein adsorption on their surface.5-7 Indeed, the nature of the head 

group and the length of the alkyl chain of silane molecules determine the surface charge and its 

hydropathy.  

Molecular Dynamics (MD) simulations are well suited to investigate protein adsorption on 

surfaces, as they give information about protein - surface interactions. Furthermore, the 

conformational changes induced by adsorption on surfaces can be deciphered at atomic scale.8 MD 

simulation studies were performed with various proteins and peptides on crystalline surfaces, 

including Au9-10 TiO2
11, SiO2

12-14, graphite11 and polymer15. The adsorption of proteins and 

peptides was also reported on SAM16, especially on thiols-based monolayers. Alkanethiol 

monolayers were investigated with different terminal groups (-COOH, -OH, -NH2, -CH3), i.e. 

surfaces with various charge and hydropathy properties.17-25 Alkanethiol molecule orientation and 
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in-contact water organization were deciphered, as well as properties of protein adsorption 

including orientation26, conformational changes, interaction energy and contact surface. For 

instance, it was demonstrated that Amyloid-β peptide adsorption on an alkanethiol monolayer 

induced an increase in the Root-Mean-Square-Deviation of atomic positions (RMSD) value, 

regardless of terminal group. Furthermore, the total interaction energy between the peptide and 

alkanethiol molecules was higher for -COOH and -NH2 than for -CH3 terminated molecules, while 

the peptide displayed the weakest adsorption on -OH alkanethiol monolayer.19 Recently, the 

possibility to control protein adsorption on a mixed alkanethiol monolayer by applying an electric 

field was demonstrated.27

Streptavidin is a tetrameric protein involved in the well-known Streptavidin – Biotin complex. 

The complex leads to one of the strongest existing non-covalent bonding, as Biotin forms hydrogen 

bonds with eight residues of Streptavidin. This system was already studied, in water without any 

surface, by MD simulations.28,29 The study of wild-type Streptavidin and mutants demonstrated 

that the strong binding affinity between Streptavidin and Biotin is due to strong cooperativity 

between residues.30 Also, the essential role of the conformation of the loop 3-4 in its ability to 

interact with Biotin and retain it inside the binding pocket was demonstrated.31 Furthermore, the 

Streptavidin conformational changes due to adsorption on crystalline surfaces were deciphered.11 

However, to our knowledge, the Streptavidin adsorption on silane monolayers has never been 

investigated.

Experimentally, the Atomic Force Microscopy (AFM) and specially in the Single Molecule 

Force Spectroscopy (SMFS) mode, has proven to be a well-adapted technique to explore the forces 

and dynamics of the interaction between individual ligands and receptors for molecular recognition 

studies.32-34 The Streptavidin – Biotin complex has extensively been used as a model system to 
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investigate the ability of the SMFS-AFM technique.28,32,35-38 Streptavidin and Biotin are attached 

on solid substrate and on the AFM tips and the rupture force, binding energy and rupture length of 

Streptavidin – Biotin complex are measured, giving insight into the complex unbinding pathway. 

The different studies have demonstrated a large variability in the rupture forces depending on the 

chemical protocols used to link the biomolecules on the tip and on the contact surface but also due 

to the difference in the experimental parameters chosen for the AFM force curve acquisition. In 

particular, the loading rate (retracting velocity multiplied by the spring constant) influences 

drastically the rupture force.39 Thus, effect of the loading rate on the measured rupture force was 

deciphered from low to very high pulling velocities (up to 30 000 μm/s) by using High-Speed 

Force Spectroscopy.39

Non-equilibrium Steered Molecular Dynamics (SMD) simulations allow to mimic the AFM 

experiment by pulling at a specific constant velocity on one of the two biomolecules involved in 

the biomolecular interaction. In the understanding of Streptavidin – Biotin unbinding process, it 

has been proven to supplement AFM experiments, in the identification of rupture force, unbinding 

pathway and energy landscape.39,40 By combining AFM experiments and SMD simulations, it was 

shown that the measured bond strength increases with the loading rate40 and that different 

intermediates states are involved in the unbinding process, depending on the magnitude of the 

pulling velocity.39 Usually, Streptavidin center-of-mass (COM) is fixed, while Biotin is pulled 

along a defined reaction coordinate by applying an external force. Recently, Sedlak et al. 

investigated the impact of tethering one terminus of monovalent Streptavidin instead of its COM, 

to mimic the immobilization of Streptavidin with a covalent bond. It was demonstrated that the 

rupture force is twice higher when Streptavidin is fixed with its C-terminus than with its N-

terminus, due to structural changes and partial unfolding.41 Moreover, the conformational changes 
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induced in a tetrameric Streptavidin by attachment of the C-terminus of a different subunit were 

shown to result in a change of the unbinding pathway and in a fourfold decrease of the unbinding 

force.42 However, to our knowledge, the impact of Streptavidin conformational change, due to its 

adsorption on a silane monolayer, on its interaction with Biotin has never been explored. 

In this work, we perform classical MD simulations to investigate the adsorption of Streptavidin 

on different types of silane monolayers and the resulting conformational changes. Then, we further 

investigate its interactions with Biotin by SMD simulations. The detachment of the Biotin from 

the Streptavidin is simulated such as in AFM spectroscopy experiments with the Biotin at the 

extremity of the tip and the Streptavidin on the surface. These simulations allow to investigate the 

effects of adsorption of Streptavidin on its detachment force with Biotin.

1. METHODS

We performed a two-step simulation: first, we studied the conformation of Streptavidin adsorbed 

on different silane monolayers and then, we completed SMD simulations to explore the effect of 

silane monolayers on the detachment of Biotin from Streptavidin. 

1.1 System Description. We investigated six different systems. One system was the 

extensively investigated Streptavidin – Biotin complex in water29,39,40, while the five other systems 

included an additional amorphous SiO2 layer functionalized with different silane monolayers 

(Figure 1). 
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Figure 1. Images of the six different systems after 100 ns MD simulations: (a) Streptavidin – 

Biotin complex in water and  Streptavidin – Biotin complex adsorbed on silane monolayers (b) 

CH3 short, (c) CH3 long, (d) NH3
+, (e) mix long and (f) mix short. Atoms are shown in yellow 

(silicon), red (oxygen), cyan (carbon), and white (hydrogen) and blue (nitrogen). Biotin is shown 

in orange.

The Streptavidin – Biotin complex was based on the PDB structure 3RY243, including a 

dimeric Streptavidin and two Biotin molecules. Only one Biotin was kept, located in the binding 

pocket of Streptavidin chain A. The OPLS all-atom force field44 was used for Streptavidin, while 

the Biotin force field was obtained from the ATB facilities.45,46

The amorphous silica structure was taken from Roscioni et al.47 Silane molecules (even in the 

case of the mixed SAMs) are initially placed randomly in the surface plane (xy plane) by a home-

made Python code, at a distance of 0.3 nm above the surface, and by ensuring a minimum in-plane 
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distance of 0.3 nm between silane molecules. After energy minimization, the silane molecules are 

close enough to the surface, so a position restriction is applied in the direction normal to the surface 

but not in the x and y directions. As a consequence, molecules can diffuse and reorganize. The 

structure of the silane monolayers obtained with this methodology have been characterized and 

validated through comparison with experimental data (data not shown).

Three silane molecules were involved in the different silane monolayers: 

octadecyltrimethoxysilane (C21H46O3Si named CH3 long), n-butyltrimethoxysilane (C7H18O3Si 

named CH3 short) and 3-aminopropyltriethoxysilane (C9H24NO3Si named NH3
+). Silane 

molecules, with the trisilanol structure obtained after hydrolylation, were positioned on the SiO2 

surface following the method proposed by Roscioni et al.47 Indeed, the bonding to the SiO2 layer 

is modelled, by removing the hydrogen atom from one of the three hydroxyl groups, and by using 

high Lennard-Jones and electrostatic potentials between the oxygen atom of silane molecule and 

a silicon atom of the SiO2 layer. Only one of the three silanols was reacted. The two others 

remained unreacted to behave similarly to monofunctionnal silanes.

As summarized in Table 1, five different silane monolayers were studied, one per silane 

molecule and two mixed layers, all with a coverage of 3 molecules/nm2. Force-field parameters 

for SiO2 layer and silane molecules were adapted from recent studies47,48 and from the OPLS all-

atom force field (see details in Supporting Information, page S2). Silane monolayers density and 

organization were consistent with experimental results and other MD studies in terms of coverage, 

tilt angle, gauche defects and in-plane organization (data not shown).
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Table 1. Composition of the Five Different Silane Monolayers

Silane 
monolayer Nature of the silane molecules

Silane 
molecule 
coverage 

(molecules 
/nm2)

CH3 short 3.0

CH3 long 3.0

NH3
+ 3.0

Mix short Mix CH3 short: NH3
+ (1:1) 3.0

Mix long Mix CH3 long: NH3
+ (1:1) 3.0

Water model TIP4P49, as well as Na+ and Cl- ions, were described with OPLS all-atom force 

field. Ions were added at a concentration of 150 mmol/L to mimic physiological conditions and to 

compensate charges. Furthermore, a Lennard-Jones (LJ) wall was added at the top of the box to 

prevent any interaction between water and the bottom side of the SiO2 surface. Thus, the system 

only uses periodic boundary conditions in x and y directions. The force field parameters were taken 

from Kitabata et al. for the LJ wall.50 

1.2 Simulation Details

Adsorption of Streptavidin on Silane Monolayers. The simulations were performed with 

the Gromacs simulation package, version 5.1.351 and visualization was done using the VMD 
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software package version 1.9.52 Firstly, energy minimization was performed with the Steepest 

Descent method, followed by NVT and NPT equilibrations of 100 ps each, with a targeted 

temperature of 300 K. Then 5 independent production runs of 100 ns each were carried out for the 

system in water (without surface) and 10 independent production runs of 100 ns each were carried 

out for all systems with a surface. The integration of the equations of motion was done using a 

leap-frog algorithm and a time step of 2 fs. A LINCS algorithm was used to apply constraint to 

bond parameters. Temperature was maintained at 300 K with a Nose-Hoover thermostat and a time 

constant of 0.4 ps. The pressure was kept at 1 bar using a Parrinello-Rahman barostat, with a time 

constant of 2 ps. Long-range electrostatic interactions were calculated with the particle-mesh 

Ewald method53 and a cutoff of 1 nm. The same cutoff was used for LJ potentials.

SMD Simulations. We performed non-equilibrium SMD simulations, where an external force 

is applied to Biotin to unbind it from Streptavidin. The COM of Streptavidin was fixed for the 

system in water, but no position restriction was applied to Streptavidin for all the systems with a 

surface. Only the Van der Waals and electrostatic interactions between Streptavidin and silane 

molecules prevented from Streptavidin desorption while Biotin was pulled away. Force was 

applied to Biotin by a harmonic potential with a spring constant k = 100 pN/nm39 and a velocity v 

= 2 m/s. To reproduce AFM experiments, Biotin was pulled away from Streptavidin in the 

direction normal to the surface. However, the impact of the pulling direction was considered, as 

discussed below. Indeed, the choice of the ligand pulling direction can impact the rupture force 

value and the unbinding process obtained with SMD simulations, as shown by Júnior et al.54 The 

final state of protein adsorption simulations was used as the starting configuration for SMD 

simulations. A time step of 1 fs was used for the integration of equations of motion. SMD 

simulations were performed for at least 4 ns (300 simulations in total). 
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11

1.3 Analysis.

Adsorption of Streptavidin on Silane Monolayers. The investigated parameters were the Root-

Mean-Square Deviation (RMSD) and the Root-Mean-Square Fluctuation (RMSF) of Streptavidin, 

and the Van der Waals and electrostatic contributions to interaction energies between Streptavidin 

and silane molecules.  The given values were averaged over the last 10 ns of the simulations and 

the error bars correspond to the standard deviation calculated from the simulation replicates. We 

also defined the contact surface at the final state of the simulation. Streptavidin atoms were 

considered in contact with the silane monolayer if they were located at less than 0.3 nm from one 

atom of a silane molecule. Furthermore, the Streptavidin residues linked to the silane monolayer 

were defined as the residues in contact with silane molecules at final state. 10 simulation replicates 

were performed for each system. Thus, Streptavidin residues are considered in contact with the 

surface if they are involved in more than half of the simulation replicates.

SMD Simulations. The rupture force was defined from the force – time curve as the highest 

force applied on Biotin before detachment. The rupture force and time of rupture were determined 

for each simulation replicate. Mean value, standard deviation and histograms of the rupture force 

were calculated from the replicates of each system.

2. RESULTS AND DISCUSSION

2.1. Initial Orientation of Streptavidin. Previous studies have shown that protein initial 

orientation impacts its adsorption on a surface, by changing the interaction energy and the nature 

of residues interacting with the surface.10,11,16,26 Here, simulations of Streptavidin adsorption on 

SiO2 surface functionalized with NH3
+ silane molecules were performed with three different initial 

orientations, as depicted in Figure 2. Orientation 2 was defined from orientation 1 by a 180° 
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rotation of Streptavidin along the x-axis and orientation 3 by a 270° rotation along the y-axis. 

Simulations of protein adsorption were all performed for 100 ns, allowing stabilization of the total 

VdW and elec interaction energy (Supporting Information, Figure S3). The following interaction 

energies were obtained between Streptavidin and NH3
+ silane molecules: -158 ± 16 kcal/mol, -196 

± 65 kcal/mol and -227 ± 83 kcal/mol for orientation 1, 2 and 3, respectively. Although the effect 

of initial orientation on the total VdW and elec interaction energy is low, orientation 3 leads to the 

most stable adsorption of Streptavidin. As all the surfaces studied are to some extent hydrophobic 

(with different degrees of hydrophobicity), we have assumed that orientation 3 is favorable for all 

silane monolayers. Thus, orientation 3 was chosen for all the following simulations in this study, 

whatever the nature of the silane monolayer.

Furthermore, this assumption is supported by the electrostatic potential distribution on the 

Streptavidin molecular surface (Supporting Information, Figures S1 and S2). Indeed, in the initial 

orientation 3, residues with different electrostatic potential (positive, negative, close to zero) are 

pointing towards the silane monolayer. After adsorption, conformational changes and small 

reorientation of the Streptavidin are observed. Thus, the Streptavidin contact surface with NH3
+ 

silane molecules is made of residues with negative electrostatic potential, while the contact surface 

with uncharged silane molecules is mainly made of residues with electrostatic potential close to 

zero. In the case of the initial orientation 2, residues with positive electrostatic potentials mainly, 

point towards the silane monolayer. So, these results suggest that indeed the orientation 2 is a less 

favourable initial orientation than the orientation 3. However, the electrostatic potential 

distribution does not allow to clearly confirm the assumption that the orientation 3 is more 

favourable than the orientation 1, for all the silane monolayers studied.
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Figure 2. Streptavidin orientation above the NH3
+ monolayer: (a) orientation 1 (reference), (b) 

orientation 2 (rotation of 180° along the x-axis) and (c) orientation 3 (rotation of 270° along the 

y-axis). Chain A of Streptavidin is shown in cyan; chain B is in yellow and Biotin in orange.

2.2. Streptavidin Conformational Change Due to Its Adsorption on Silane Monolayers.

Interactions between Streptavidin and Silane Molecules. The interactions between Streptavidin 

and silane monolayers are characterized by the total VdW and elec interaction energy and by the 

contact area between the protein and silane molecules (Table 2). Interactions between Streptavidin 

and the amorphous SiO2 layer are deciphered in Supporting information, Table S1. The contact 

area is defined by the number of atoms of Streptavidin in contact with silane molecules and by the 

nature of the residues involved. The five silane monolayers studied involve three different silane 

molecules which differ by their alkyl chain length and head-group charge. It results in different 

surface charges and hydrophobicity. These properties impact the type of interactions between 

Streptavidin and silane molecules.
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Table 2. Interaction between Streptavidin and the Five Different Silane Monolayers: Total 
VdW and elec Interaction Energy and Contact Area

Silane 
monolayer

Total VdW and 
elec interaction 
energy between 
Streptavidin and 
silane molecules 

(kcal/mol)

Number of 
Streptavidin 

atoms in contact 
with silane 
molecules

Residues of Streptavidin linked to the 
silane molecules

CH3 short -113 ± 22 64 ± 18
A: Ala65, Thr66, Asp67, Gly68 – B: 
Glu51, Asn82, Tyr83, Arg84, Asn85, 

His87

CH3 long -170 ± 42 154 ± 37

A: Ala35, Asp36, Ser62, Ala63, 
Pro64, Ala65, Thr66, Asp67, Ser69, 
Gly99, Ala100 – B: Gln24, Leu25, 

Val47, Asn49, Glu51, Arg53, Asn81, 
Asn82, Tyr83, Arg84, Asn85, Ala86, 

His87, Ser112, Thr114, Thr115, 
Ala117, Asn118

NH3
+ -197 ± 51 24 ± 7 A: Asp67 – B: Glu51

Mix short -147 ± 38 30 ± 14 A: Asp67, Gly68 – B: Glu51, Glu116

Mix long -186 ± 61 128 ± 42

B: Tyr22, Gln24, Leu25, Gly26, 
Ser27, Ile30, Tyr43, Glu44, Ala46, 

Val47, Asn49, Glu51, Asn82, Tyr83, 
Arg84, Asn85, Val133, Pro135

The lowest number of Streptavidin atoms interacting with silane molecules is obtained for 

NH3
+ silane monolayer (24 ± 7 atoms), while the higher total VdW and elec interaction energy is 

reached for the same silane monolayer (-197 ± 51 kcal/mol). Thus, the energy associated to each 

individual interaction is high. It corresponds to hydrogen bonds (6.7 ± 2.7 bonds) and electrostatic 

interactions. Indeed, NH3
+ silane molecules are more specifically in contact with residues Asp67 

and Glu51 which are both hydrophilic and negatively charged. Regarding the CH3 short 

monolayer, the contact surface is higher than for NH3
+ but the total VdW and elec interaction 

energy is lower, which means that the energy associated to each individual interaction is lower, in 

agreement with Van der Waals interactions. Streptavidin residues interacting with CH3 short silane 
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molecules display various charge and hydropathy properties. For instance, negatively charged 

residue Glu51, positively charged Arg84 and non-polar Ala65 are all involved in interactions with 

CH3 short silane monolayer. Regarding the mix short monolayer, the total VdW and elec 

interaction energy is approximately the mean value of NH3
+ and CH3 short uniform monolayers. 

Also, the contact surface is lower than for CH3 short monolayer, as NH3
+ silane molecules induce 

a repulsion of some Streptavidin residues. For instance, positively charged residue Arg84 is not 

interacting with the mix short monolayer (because of the repulsion induced by the NH3
+ head-

groups of the silane molecules), while it is involved in interactions with the CH3 short monolayer 

through interactions between the methylene groups of Arg84 and the silane alkyl chains. 

Negatively charged and hydrophilic residues Asp67, Glu51 and Glu116 are specifically interacting 

with NH3
+ silane molecules of mix short monolayer.

The contact area is very high for CH3 long molecules as Streptavidin enters into the silane 

monolayer (Figure 1). Van der Waals interactions are established between Streptavidin and CH3 

long silane molecules, with no selection on the type of residues: hydrophobic and non-polar 

residues (Ala, Val, Leu) interact with silane molecules, as well as hydrophilic or charged residues 

(Arg, Asn, Asp, His). Regarding the mix long silane monolayer, steric hindrance due to CH3 long 

silane molecules partially prevents interactions between Streptavidin and NH3
+ silane molecules 

but does not remove them completely. Contact area and energy are close to the values obtained for 

CH3 long molecules. Also, we observe that the nature of residues in contact with the surface is less 

reproducible with the mix long surface than with the other surfaces, especially for chain A. Indeed, 

no residue is involved in more than half of the simulation replicates.
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Our results suggest that long alkyl chains yield highest contact area, while surface charges tend 

to decrease the contact area. Also, the total VdW and elec interaction energy is governed more by 

surface charges than by contact area.

RMSD. The evolution of Streptavidin RMSD with time is depicted in Figure 3. As expected, 

the lowest RMSD value at final state is obtained for the system in water, as there is no 

conformational change induced by a surface. A value of 4.1 ± 0.3 Å is obtained, which is in 

accordance with a recent MD study.11 When Streptavidin is adsorbed on a surface, our RMSD 

values vary from 4.2 ± 0.5 Å on CH3 short monolayer to 5.0 ± 0.9 Å on NH3
+ monolayer. Also, 

the higher the total VdW and elec interaction energy between Streptavidin and the silane 

monolayer is, the stronger the Streptavidin global deformation is.

Figure 3. Evolution of Streptavidin Root-Mean-Square Deviation (RSMD) in water and during 

its adsorption on silane monolayers. 

Recent MD simulations have established that Streptavidin adsorption on crystalline surfaces 

such as graphite and TiO2 leads to very high conformational changes, with RMSD values in the 

range 15 - 40 Å11, as Streptavidin is spreading over the surface. Our results show that silane 

monolayers lead to RMSD values closer to the one obtained in water than to the ones obtained on 
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graphite and TiO2 surfaces. It can be explained by the narrower contact area between Streptavidin 

and silane monolayer than between Streptavidin and graphite or TiO2 surfaces. 

Thus, Streptavidin adsorption on silane monolayers leads to global conformational changes, as 

RMSD values are higher than values obtained in water. However, these conformational changes 

are much lower than those observed following its adsorption on unfunctionalized crystalline 

surfaces.  In the following, we further characterize the conformational changes of Streptavidin 

through the Root Mean Square Fluctuations (RMSF) of the most flexible residues.

RMSF. The change in Streptavidin conformation due to its adsorption on different silane 

monolayers is further investigated with the RMSF, which gives insight into the mobility of each 

residue of a protein. A high RMSF value demonstrates a high residue flexibility.55,56 RMSF traces 

are depicted in Supporting Information, Figure S4. For all systems, individual RMSF values of 

Streptavidin residues are between 0.5 Å and 4.5 Å approximately. It is considered that a residue 

with RMSF ≥ 3 Å shows a high flexibility.57 The locations of the most flexible residues on 

Streptavidin are shown in Figure 4.
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(a) (b) (c)

(d) (e) (f)

Figure 4. Localization of Streptavidin residues with high flexibility for the different systems: (a) 

in water (b) CH3 short, (c) CH3 long, (d) NH3
+, (e) mix long and (f) mix short. Chain A of 

Streptavidin is shown in cyan; chain B is in yellow and Biotin in orange. Streptavidin residues 

with RMSF ≥ 3Å are shown in other colors.

In water, without any surface, only three residues show a RMSF value larger than 3 Å, 

including 2 residues in chain B (49Asn and 136Ser) and one residue in the N-terminus of chain A 

(14Glu), far from the Biotin binding pocket. For all systems with a surface, there are more than 

three residues with high flexibility, in agreement with RMSD values. Streptavidin adsorption on 

CH3 short monolayer leads to a high mobility of 4 residues, including 3 residues in chain B and 

only 1 hydrophobic residue 100Ala in chain A far from the Biotin binding pocket. Regarding CH3 

long monolayer, 6 residues show a high mobility, including only 2 residues in chain A, far from 

the Biotin binding pocket, the N-terminus of chain A (14Glu) and the neighboring hydrophobic 
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15Ala residue. NH3
+ monolayer leads to a high mobility of 7 residues, only 2 of them are in chain 

A far from the Biotin binding pocket, the 14Glu and the 15Ala residues. Regarding mix long 

monolayer, 10 residues have a flexibility higher than 3 Å, 6 of them are in chain A. Among them, 

3 residues are located close to the Biotin binding pocket (24Gln, 48Gly and 49Asn). Eventually, 

mix short monolayer leads to a high flexibility of 5 residues, 2 of them are in chain A. One of them 

(48Gly) is located in the Biotin binding pocket and is in direct contact with Biotin.

Thus, the number and the nature of residues with high mobility are strongly affected by the 

adsorption of Streptavidin on a surface. The nature of the most flexible residues depends on the 

type of silane monolayer. Indeed, CH3 short, CH3 long and mix long monolayers induce a high 

flexibility of non-polar and hydrophobic Ala residues, while a high flexibility of negatively 

charged residue 117Glu and polar residue 66Thr is observed for NH3
+ silane monolayer. We do 

not observe a direct correlation between the RMSD value and the number of residues with high 

mobility. Indeed, the highest RMSD value is obtained for NH3
+ silane monolayer, but there are 

more residues with high flexibility for mix long monolayer. So, conformational changes are more 

diffuse in the whole protein with adsorption on NH3
+ silane monolayer, while they are more 

concentrated at some specific residues with adsorption on mix long silane monolayer. Regarding 

the location of Streptavidin residues with high mobility, for CH3 long, CH3 short and NH3
+, only 

the N-terminus of chain A display a high flexibility. On the contrary, for mix short and mix long 

monolayers, some residues with high mobility are in the Biotin binding pocket, such as 48Gly and 

49Asn which belong to the loop 3-4. In the following, we investigate if these conformational 

changes induce a perturbation of Streptavidin – Biotin interactions.

2.3. Streptavidin-Biotin Unbinding. We have shown that the adsorption on a surface induces 

conformational changes in Streptavidin, which differ with the type of silane monolayer. To 
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decipher their impact on interaction with Biotin, we performed SMD simulations on each system, 

where the starting configuration is the final state of Streptavidin adsorption simulations. Regarding 

the system in water, Biotin is pulled away from Streptavidin by applying a force on Biotin, while 

the COM of Streptavidin is fixed. For all systems with Streptavidin adsorption on a silane 

monolayer, there were no position restriction applied on Streptavidin, and we did not define any 

covalent bonding between Streptavidin and the surface. As well as for the system in water, force 

is applied on Biotin by applying a harmonic potential. We observe that Biotin is pulled away, while 

Streptavidin is never detached from the silane monolayer. Thus, the Van der Waals and 

electrostatic interactions established between Streptavidin and silane molecules are strong enough 

to prevent any Streptavidin desorption. 

Pulling Direction for SMD Simulations. The Biotin is pulled away from Streptavidin along the 

surface normal, to reproduce an AFM experiment. For each silane monolayer, 2 or 3 SMD starting 

configurations are selected among adsorption simulation replicates. These configurations are 

characterized by the Streptavidin adsorption angle, i.e. the angle between the surface normal and 

the vector of Streptavidin COM to Biotin COM. 20 independent replicates of SMD simulations 

are performed on each configuration, with a pulling direction along the surface normal. The 

Streptavidin adsorption angle, the mean value of rupture force, and the histograms of rupture force 

(probability distribution) are presented in Supporting Information, Table S2 and Figure S5. No 

correlation is observed between Streptavidin adsorption angle and rupture force, and the 

histograms are overlapping for the different starting configurations on each silane monolayer. 

Therefore, in the following, the impact of different silane monolayers is compared with the mean 

rupture forces whatever the Streptavidin adsorption angle. This mimics the fact that AFM 

experimental force curves are performed at different points on a sample surface.
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Unbinding Time and Rupture Force. Typical unbinding curves for each system are shown in 

Figure 5 and mean values of unbinding time and rupture force are summarized in Table 3. Movies 

of unbinding processes for the six different systems are available in Supporting Information. For 

the system in water, a rupture force of 590 ± 117 pN is obtained for a loading rate of 2 x 1011 pN/s, 

which is consistent with the results previously obtained by Rico et al.39
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Figure 5. Typical force curves for the six different systems (a) in water (b) CH3 short, (c) CH3 

long, (d) NH3
+, (e) mix long and (f) mix short. The rupture force value obtained for the system in 

water is consistent with previous studies at the same loading rate.39 Lower values are obtained 

when Streptavidin is adsorbed on silane monolayers.

Table 3. Unbinding Time and Rupture Force Obtained with SMD Simulations for the Six 
Different Systems

System In water CH3 short CH3 long NH3
+ Mix short Mix long

Unbinding 
time (ns) 3.1 ± 0.6 1.6 ± 0.4 1.2 ± 0.2 1.0 ± 0.3 1.1 ± 0.8 1.0 ± 0.2

Rupture 
force (pN) 590 ± 117 278 ± 91 227 ± 54 167 ± 60 129 ± 38 166 ± 47

As shown in Figure 5, the system in water corresponds to the highest rupture force. Thus, the 

adsorption of Streptavidin on a silane monolayer systematically induces a decrease in the rupture 

force. The second highest value is obtained with CH3 short silane monolayer. The rupture force is 

278 ± 91 pN, which is less than half of the value in water. The third rupture force is 170 ± 42 pN, 

when Streptavidin is adsorbed on the CH3 long monolayer. Almost the same rupture forces are 

obtained when Streptavidin is adsorbed on NH3
+ and mix long monolayers, respectively 167 ± 60 

pN and 166 ± 47 pN. The lower rupture force is 129 ± 38 pN and corresponds to mix short 

monolayer. 

As expected, the adsorption of Streptavidin on silane monolayers results in a decrease in the 

rupture force, i.e. a weakening of Streptavidin – Biotin interactions. This is due to conformational 

changes in Streptavidin, as shown by RMSD values which are systematically higher when 

Streptavidin is adsorbed on a surface, and by the higher number of residues with high flexibility. 

This is in agreement with recent study from Sedlak et al., which demonstrated that conformational 
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changes due to Streptavidin attachment result in a lowering of the energy barrier to move Biotin 

out of the binding pocket and thus in a decrease of the rupture force.42

However, our results suggest that the conformational changes induced by the adsorption of 

Streptavidin on silane monolayer is much lower than on the crystalline graphite and TiO2 surfaces  

investigated previously.11 Indeed, our results suggest that the RMSD value of Streptavidin 

adsorbed on a silane monolayer is below 5 Å, whatever the silane monolayer studied, while it was 

demonstrated that Streptavidin is spreading over crystalline surfaces and that its secondary and 

tertiary structures are greatly reduced, as explain above, with RMSD values in the range 15 - 40 

Å.11 Furthermore, it was shown that Streptavidin loses its ability to bind with Biotin when it is 

adsorbed on crystalline TiO2 and graphite surfaces. Indeed, the Biotin binding site is destroyed, 

the location of its components is moved from Streptavidin interior to exterior. On the contrary, 

Streptavidin – Biotin binding potential is preserved when Streptavidin is immobilized on the silane 

monolayers studied.

The higher rupture forces are obtained when Streptavidin is adsorbed on uncharged silane 

monolayers CH3 short and CH3 long. The CH3 short silane monolayer leads to the closest value to 

the system in water. It corresponds to the system with the lowest RMSD and only 4 residues with 

high flexibility, none of them being located in the binding pocket. Thus, the lowest Streptavidin 

conformational change is induced with adsorption on CH3 short monolayer and allows to better 

preserve Streptavidin – Biotin interactions. The lower rupture force for CH3 long monolayer is 

explained by the higher RMSD value, which is related to high total VdW and elec interaction 

energy. Indeed, numerous Van der Waals interactions are established between Streptavidin and 

long alkyl chains of silane molecules. 
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The smallest rupture forces and unbinding times are obtained for the charged monolayers mix 

short, mix long and NH3
+. In all cases, the weakening of Streptavidin – Biotin binding is explained 

by the strong conformational changes in Streptavidin. NH3
+ monolayer induces the highest RMSD 

value, i.e. the strongest global conformational change. This is due to strong electrostatic 

interactions between NH3
+ silane molecules and Streptavidin. Negatively charged residues interact 

preferentially with the positively charged silane molecules, whereas non-polar and positively 

charged residues are repulsed away from the surface.  

Regarding mix long and mix short monolayers, the value of the rupture force is not directly 

correlated to the RMSD value and the number of residues with high flexibility. However, for both 

mixed monolayers, a high flexibility is shown by residues 48Gly and 49Asn from chain A, which 

belong to the loop 3-4 of the binding pocket and are in direct contact with Biotin. This local 

conformational change induces a weakening of Streptavidin – Biotin interactions and results in 

lower rupture force for both systems. Indeed, the essential role of 48Gly and 49Asn in binding 

with Biotin was already demonstrated. Especially, Asn49 shows the highest individual 

cooperativity with other residues from the binding pocket to interact with Biotin.58

To summarize, we obtain the highest rupture force for the system in water, which means that 

Streptavidin adsorption on silane monolayer systematically induces a weakening of Streptavidin – 

Biotin interactions. The lower rupture force values are obtained for the charged surfaces NH3
+, 

mix short and mix long. Regarding NH3
+ monolayer, the reduction of interactions with Biotin is 

explained by the strong global conformation changes in Streptavidin. Regarding mixed 

monolayers, interactions with surface induce a local conformational change in the binding pocket, 

which affects interactions with Biotin. Higher rupture forces are obtained with neutral silane 

monolayers CH3 long and CH3 short. Thus, Streptavidin conformational changes induced by Van 
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der Waals interactions with silane molecules seem to better preserve Streptavidin – Biotin binding 

properties. However, the rupture force is lower for CH3 long monolayer than for CH3 short. This 

is due to larger contact area with Streptavidin, which results in higher total VdW and elec 

interaction energy and stronger conformational changes.

3. CONCLUSION

In this work, we focus on the impact of different silane monolayers, on Streptavidin adsorption 

and on its interactions with Biotin. Our study reveals that the adsorption mechanism is modified 

by the head-group charge and by the alkyl-chain length of silane molecules. With NH3
+ silane 

monolayer, contact surface is very low. Only two negatively charged amino acids are likely to 

interact with silane molecules, while positively charged and hydrophobic amino acids are repulsed 

away from the surface. On the contrary, CH3 short and CH3 long silane monolayers induce Van 

der Waals interactions with numerous Streptavidin residues and large contact area, especially for 

CH3 long silane monolayer, due to long alkyl chains. Consequently, adsorption on surface induces 

different conformational changes in Streptavidin, depending on silane monolayer. In particular, 

Streptavidin encounters conformational changes close to the binding pocket when it is adsorbed 

on mixed monolayers. 

We perform SMD simulation on all systems. Biotin is pulled away while Van der Waals and 

electrostatic interactions keep Streptavidin immobilized on surface. We show that adsorption-

induced conformational changes in Streptavidin lead to a strong modification of Streptavidin – 

Biotin interactions. For all silane monolayers, the rupture force is 2-fold to 4-fold lower than for 

the system in water. The rupture force, that is the closest to the system in water without surface, is 

obtained with CH3 short monolayer, which is also the one with the lowest RMSD and the fewest 
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residues with high mobility. Therefore, since CH3 short monolayer seems to preserve better the 

Streptavidin – Biotin interactions, it would be the most appropriate to non-covalently immobilize 

Streptavidin, while keeping its ability to strongly interact with Biotin. This study reveals that some 

specific silane monolayers allow Streptavidin immobilization, with high adsorption energy, while 

keeping the Biotin interactions. These findings could be extrapolated to other protein systems, 

such as cancer or virus antibodies for the design of diagnosis tools with higher efficiency and 

simplified experimental protocols.
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Electrostatic potential on the Streptavidin molecular surface. Streptavidin adsorption on different 

silane monolayers (Interaction energy between Streptavidin and the silane monolayers, 

Interactions between Streptavidin and SiO2). Conformational changes in Streptavidin: RMSF 

traces. SMD simulations: pulling direction. (PDF)

Movie S1. Video of representative SMD simulation of Biotin unbinding at pulling velocity of 

2m/s with Streptavidin in water (AVI)

Movie S2. Video of representative SMD simulation of Biotin unbinding at pulling velocity of 

2m/s with Streptavidin adsorbed on CH3 short silane monolayer (AVI)

Movie S3. Video of representative SMD simulation of Biotin unbinding at pulling velocity of 

2m/s with Streptavidin adsorbed on CH3 long silane monolayer (AVI)
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Movie S4. Video of representative SMD simulation of Biotin unbinding at pulling velocity of 

2m/s with Streptavidin adsorbed on NH3
+ silane monolayer (AVI)

Movie S5. Video of representative SMD simulation of Biotin unbinding at pulling velocity of 

2m/s with Streptavidin adsorbed on mix long silane monolayer (AVI)

Movie S6. Video of representative SMD simulation of Biotin unbinding at pulling velocity of 

2m/s with Streptavidin adsorbed on mix short silane monolayer (AVI)
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