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Understanding the mechanism of interaction between peptides and inorganic materials is of high 

importance for the development of new composite materials. Here, we combined an experimental 

approach along with molecular simulations in order to gain insights into this binding process. Using 

single molecule force spectroscopy by atomic force microscopy and molecular simulations we studied 

the binding of a peptide towards an inorganic substrate. By performing alanine scan we examined the 

propensity of each amino acid in the peptide sequence to bind the substrate (mica). Our results indicate 

that this binding is not controlled by the specific sequence of the peptide, but rather by its 

conformational freedom in solution versus its freedom when it is in proximity to the substrate. When 

the conformational freedom of the peptide is identical in both environments, the peptide will not 

adhere to the substrate. However, when the conformational freedom is reduced, when the peptide is in 

close proximity to the substrate, binding will occur. These results shed light on the interaction between 

peptides and inorganic materials.  

Introduction 
In nature, composite materials with unique properties such as high 

mechanical strength, optical functionality or electronic structure are 

formed through the specific interactions between organic (usually 

proteins) and inorganic materials.1-5 For example, the combination of 

the protein collagen and the inorganic mineral hydroxyapatite leads 

to the formation of bones which serve as a mechanical and 

supportive tissue.6 Like proteins, short peptides also exhibit specific 

binding affinity towards inorganic surfaces.7-11 The specificity of 

these binders (mainly peptides) is used in various applications, 

particularly in the design of new biomimetic hybrid materials.12-15 

Moreover, the specific binding affinity of peptides towards inorganic 

substrates has been utilized to prepare nanostructured materials with 

novel properties and functions, such surface biocompatibility,16 drug 

delivery,17 crystal growth regulation,18 and nanoparticle synthesis.19 

Understanding this binding mechanism will allow us to design 

effective biomedical materials having applications in bone-based 

research including bone and dentin tissue engineering, tendon and  
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ligament repair, and enamel formation.20 Many approaches including 

phage display,21,22 quartz crystal microbalance (QCM) 

measurement,23 ellipsomatry24 surface plasmon resonance (SPR)23,25 

and other methods26-28 have been employed to assess the affinity of 

peptides towards targeted inorganic surfaces. 

Although, these methods indeed identify many peptide sequences 

that bind to certain surfaces, the reason for the propensity of a 

certain sequence to a certain substrate is still not clear. This is 

because completely different sequences can bind a specific substrate. 

Single molecule force spectroscopy using atomic force microscopy 

(AFM) may provide information about peptide-inorganic surface 

interaction at single molecular level. Force spectroscopy allows the 

detailed study of molecular interactions that are not available with 

other techniques.29,30 This technique has been extensively used to 

investigate the interaction between  biotin and–avidin,31,32 DNA 

strands,33 antigen–antibody,34 lectin–carbohydrate,35 bacterial 

adhesion,36 peptide-cell interaction37 etc. Using this technique 

Dupres et al. have demonstrated the interaction of the peptide D-

Ala-D-Ala with stainless steel.38 Utilizing single molecule force 

spectroscopy and theoretical approaches Krysiak et al. determined 

the monomeric desorption rate of homopolypeptide from flat 

surfaces.39 Recently, we have measured single molecular interaction 

between individual amino acids residues and inorganic surfaces.40 

This manuscript describes the utilization of single molecule force 

spectroscopy measurements for elucidating the mechanism of 

peptide binding to inorganic surfaces. Specifically, we studied the 

role of each amino acid in a peptide sequence which binds mica. 

Furthermore, theoretical description of selected peptides among 

those studied experimentally, has been used to rationalize the 
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binding affinity of the different peptides. We demonstrate that an 

approach based on the combination of results derived from single 

molecule force spectroscopy and atomistic computer simulations can 

be used to rationally design more efficiently hybrid organic-

inorganic materials. 

Peptide 1 : NH2-QPASSRY-COOH
Peptide 2 : NH2-APASSRY-COOH
Peptide 3 : NH2-QAASSRY-COOH
Peptide 4 : NH2-QPAASRY-COOH
Peptide 5 : NH2-QPASARY-COOH
Peptide 6 : NH2-QPASSAY-COOH
Peptide 7 : NH2-QPASSRA-COOH
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Fig. 1 (A) The sequences of the studied peptides, (B) Schematic 

representation of the peptide-functionalized AFM tip, (C) A 

representative F-D curve for the interaction of peptide 1 with mica. 

 

The interactions between a peptide and a certain surface can be 

affected by several parameters. These parameters are related 

both to the properties of the peptide (sequence and structure) 

and to the properties of the surface (surface topography, 

roughness and chemistry). To simplify this problem we chose 

to study a system in which the peptide sequence is as short as 

possible (seven amino acids) and the substrate is mica which is 

atomically flat. A short peptide, NH2-Gln-Pro-Ala-Ser-Ser-Arg-

Tyr-COOH, which binds strongly to mica was previously 

identified by phage display.41 To elucidate the role of each 

amino acid in the binding propensity of this specific peptide 

towards mica we performed alanine scan and studied the 

adhesion of each peptide by single molecule force spectroscopy 

(Fig. 1A). Each peptide chemically modified Si3N4 cantilevers 

with silicon tips as described in the experimental section (Fig. 

1B).40 Polyethylene glycol (5000 Da) linked between the tip 

and the peptide since it (i) allows the peptide to orient freely on 

the tip, (ii) overcomes the danger of the peptide being 

compressed between the tip and the substrate during contact, 

and most significantly (iii) is a soft molecule with nonlinear 

elasticity and therefore allows us to distinguish between the 

nonspecific interactions of the tip with the substrate and the 

binding of the peptide to the substrate.42-43 

 

EXPERIMENTAL SECTION 

Materials and Methods 

Silicon nitride (Si3N4) AFM cantilevers with silicon tips (MSNL10, 

nominal cantilivers radius ~ 2 nm) were purchased from Bruker 

(Camarilo, CA). Methyltriethoxysilane (MTES) was purchased from 

Acros Organics (New Jersey, USA). 3-(Aminopropyl) 

triethoxysilane and Triisopropylsilane were purchased from Sigma-

Aldrich (Jerusalem, Israel). N-ethyldiisopropylamine, triethylamine 

and piperidine were obtained from Alfa-Aesar (Lancashire, UK). 

Fluorenylmethyloxycarbonyl-PEG-N-hydroxysuccinimide (Fmoc-

PEG-NHS), 5000 Da was purchased from Iris Biotech GmbH 

(Deutschland, Germany), Trifluoro acetic acid (TFA) and acetic 

anhydride from Merck (Darmstadt, Germany). The peptides were 

purchased from GL Biochem (Shanghai, China). All peptides had an 

Fmoc protecting group at the N terminus and protecting groups on 

the side chains (where required). Trityl (Trt) protected the side chain 

of glutamine, pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl (Pbf) 

protected the side chain of arginine and tertiary butyl (tBu) protected 

the side chain of serine and tyrosine (see supporting information). 

The Mica substrates (9.9 mm diameter) were purchased from TED 

PELLA, INC. (Redding, California, USA). 

Tip Functionalization 

The chemical modification of the AFM tip was based on our 

previous report.40 The AFM cantilevers were cleaned by 

dipping in ethanol for 20 minutes. After drying at room 

temperature, they were treated by O2 Plasma (Atto, Diener 

Electronic, Ebhausen, Germany) for 5 minutes. The tips were 

then suspended above (3 cm) a solution containing 

methyltriethoxysilane and 3-(aminopropyl) triethoxysilane in a 

ratio of 15:1 (v/v) in a desiccator which was connected to 

vacuum pump. The desicator was vacuumed for 2 hours to form 

a monolayer of these two types of mixed silane compounds. 

The tips were then dried on a hot plate for 10 minutes at 70°C 

under atmospheric conditions. After cooling at room 

temperature, the tips were immersed in a solution of Fmoc-

PEG-NHS (MW 5000) at a concentration of 5 mM in 

chloroform containing 0.5% (v/v) triethylamine for 1 hour at 

room temperature. The tips were then extensively washed with 

chloroform and dimethylformamide (DMF). Deprotection of 

the Fmoc group of the attached PEG molecules was performed 

by dipping the tips in 20% piperidine(v/v) in DMF for 30 

minutes. This was followed by washing with DMF and N-

methyl-2-pyrrolidone (NMP). The amine groups of the attached 

PEG molecule were then coupled with the carboxyl group of 

the desired peptide by dipping the tips into 2 mL solution 

containing 40 mg of the protected peptides (N terminal and side 

chains), 15 mg 2-(1H-benzotriazol-1-yl)-1,1,3,3,-

tetramethyluronium hexafluorophosphate (HBTU) and 5 µL of 

N-Ethyldiisopropylamine (DIPEA) in N-Methyl-2-pyrrolidone 

(NMP)  for 2 hours. After that the tips were extensively washed 

with NMP. The NH2 groups, which did not react, were 

protected by acetyl group by dipping the tips in a solution 

containing 45 µL N-Ethyldiisopropylamine and 98 µL of acetic 

anhydride in 1 mL NMP. The side chains of peptide were 

deprotected by treating the tips with a solution containing 95% 
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TFA, 2.5% triisopropylsilane and 2.5% water for 1 hour, 

followed by washing with chloroform and DMF. The Fmoc 

group of the peptide was deprotected by dipping the tips in 20% 

Piperidine(v/v) in DMF for 30 minutes. Finally the peptide 

functionalized tips were repeatedly washed with DMF, 

chloroform, 50% ethanol, water and then dried in air.  

 

Surface Preparation  

Mica substrates (9.9 mm diameter) were cleaved before each 

use using scotch tape. Then the surfaces were washed with 

triple distilled water (TDW). 

 
Single Molecule Force Spectroscopy Measurements  
Force spectroscopy measurements were carried out in TDW at 298K, 

using a commercial AFM, a NanoWizard® 3 (JPK Instruments, 

Berlin, Germany). The AFM cantilevers with spring constants 

ranging from 10 to 30 pN nm-1 were calibrated by the thermal 

fluctuation method (included in the AFM software) with an absolute 

uncertainty of approximately 10%.44 Measurements were obtained 

by approaching the peptide functionalized tip to the substrate until it 

was in contact with the substrate with a compression force of ~200 

pN and then immediately retracting the tip at various speeds, from 

0.2 to 0.6 µm/sec, for a distance of ~200 nm.  

  

Data Analysis  
Prior to analysis, the deflection values (V) were converted to force 

by multiplying the photodiode sensitivity (V/m) and by the 

experimentally determined spring constant.45 Only single adhesion 

events were taken into account (between 10%-30 % of the curves) 

ensuring that >95% probability that the adhesion event was mediated 

by a single bond.46 To calculate the apparent loading rate, we fitted 

at least 50 force vs. distance curves with the worm like chain (WLC) 

model just prior to raptures to obtain a set of loading rates, which 

were then used for preparing histograms of apparent loading rates. 

The unbinding forces between the peptides and mica were derived 

from the jump in force following the separation of the cantilever 

from the substrate. This was done using the JPK data processing 

software (JPK Instruments, Berlin, Germany). 

Peptide Modification 
To study the adsorptive nature of these peptides to mica and to 

perform fourier transform infrared (FT-IR) analysis, all the 

protecting groups associated with the side chains and the Fmoc 

group at the N terminal were removed. First, the Fmoc group was 

removed with 20% piperidine solution in DMF, followed by 

lyophilization. The product was washed with hexane repeatedly (five 

times) to remove any by-products and dried under vacuum. To 

remove all other protecting groups on the side chains, the product 

was treated with a solution containing 95% TFA, 2.5% 

triisopropylsilane and 2.5% water under shaking for 3 hours. Then, 

the TFA and water were evaporated in vacuum overnight. The solid 

product we obtained was treated with cold diethyl ether followed by 

decantation and washing with diethyl ether. The product was 

precipitated out by adding cold diethyl ether in TFA. Finally, the 

product was centrifuged and purified by reverse phase HPLC. The 

purity of the peptides were then confirmed by MALDI-TOF mass 

spectroscopy. 

 

Fourier Transform Infrared (FTIR) Spectroscopy  
1 mg of each purified peptide was dissolved in 1 mL of TDW. These 

stock solutions were then diluted to a final concentration of 0.5  

mg/mL and 0.1 mg/mL. A 30 µL of each peptide solution was drop 

cast on a CaF2 window and dried under vacuum. The peptide 

deposits were then re-suspended with D2O and subsequently dried 

under vacuum. The re-suspension procedure was repeated three 

times to ensure maximal hydrogen-to-deuterium exchange.  Data 

was collected using a Nicolet 6700 FT-IR spectrometer (Thermo 

Fisher Scientific, MA, USA). The measurements were taken using a 

4 cm-1 resolution and averaging 3000 scans. The deconvolution was 

performed using MagicPlot.   

 

Topography Analysis  
Freshly cleaved (both sides) mica was dipped for 1 hour in each 

peptide solution at three different concentrations. Then, the surfaces 

were washed with TDW, followed by sonication in TDW for 5 

minutes to remove unabsorbed peptides. Surfaces were then cleaned 

with TDW and dried with dry nitrogen. Topographical analysis of 

the surfaces were performed by AFM using AC mode. Si3N4 

cantilever probes (Bruker, Camarilo, CA) with a spring constant of 3 

N/m and a resonance frequency of 75 kHz were used for imaging. 

 

Molecular Simulations 
Molecular dynamics (MD) simulations were carried out to obtain 

microscopic information about the interactions involved in the 

binding of the selected peptides to mica. Peptides were built and 

represented using the standard parameters of the latest version of 

AMBER force field.47 Peptides were capped at the N-terminal site 

with an inactive acetyl group, mimicking the coupling to the 

polymeric coating of the AFM tip in the experiments. The remaining 

titratable groups were set to their ionized forms at pH=7.0.  

The mica K1[Si3Al1O8][Al2O2(OH)2] surface was represented 

using the force-field parameters reported by Heinz and co-workers, 

which successfully describes the unit cell properties of this inorganic 

material.48-49 The mica super cell model, kindly supplied by Dr 

Heinz, was adapted to the dimensions of the simulation box: a= 

76.793 Å and b=80.009Å. The thickness (i.e. extension in the c-

direction) of this sheet model was 6.7 Å. In order to avoid the 

bending of the mica sheet during the MD simulations, the position of 

the ions at the surface was kept fixed during the simulations. Water 

molecules, which were represented using the TIP3P model,50 were 

added to the simulation box to fill up the space not occupied by the 

surface and the peptide. The amount of water molecules, which was 

equalized for all studied systems, was 15,608. All simulations were 

performed using the NAMD 2.9 program.51 Atom pair cut-off 

distance was set at 14.0 Å to compute the van der Waals interactions. 

In order to avoid discontinuities in the potential energy function, 

non-bonding energy terms were forced to slowly converge to zero, 

by applying a smoothing factor from a distance of 12.0 Å. Beyond 

cut off distance, electrostatic interactions were calculated by using 

Particle Mesh of Ewald (PME), with a points grid density of the 

reciprocal space of 1Å3.52 The numerical integration step was set at 2 
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fs. Bond lengths involving hydrogen atoms were constrained using 

the rattle algorithm.53 Periodic boundary conditions using the nearest 

image convention were applied in all directions for the assemblies in 

solution. The non-bonded pair list was updated every five steps. 

Before equilibration cycles, each system was submitted to 5000 

steps of energy minimization (Newton Raphson method). After 

this, the water phase was equilibrated by applying 105 steps of 

heating and subsequent stabilization at 298 K using NVT 

conditions. The Berendesen thermostat with a relaxation time 

of 1 ps was used.54 Then, the solvent density was equalized to 

its optimum value using 250000 steps of anisotropic NPzT 

simulation at 298 K. This strategy kept the area of the studied 

surface constant while the solvent box was allowed respond to 

the pressure fluctuation on the z-axis. These conditions were 

achieved by combining the Nose–Hoover55 piston combined 

with the piston fluctuation control of temperature implemented 

for Langevin Dynamics.56 The pressure was kept at 1.01325 

bars while the oscillation period and the piston decay time were 

set at 1 and 0.001 ps, respectively. The piston temperature and 

the damping coefficient were set at 298K and 2 ps, respectively. 

During these equilibration cycles, both the solid phase particles 

and the peptide were kept frozen. Once the simulation box 

dimensions were stabilized, the final equilibration cycles 

started. After unfreezing the peptide, 150000 steps of 

anisotropic NPzT simulation were run to finally tune each 

model system to the simulation conditions. The last snapshot of 

this latter run was the starting point of 10 ns of production time. 

Production runs were performed under the same conditions 

previously mentioned for the NPzT equilibration. In order to 

ensure the reproducibility of the results, simulations were 

performed in triplicate for each system. 
 
Results and Discussions 
Single molecule force spectroscopy    
Single molecule force spectroscopy experiments were performed by 

recording the force vs. separation distance curves between a peptide 

functionalized AFM tip and a flat surface (mica). These curves were 

recorded at 298K in TDW, pH 7.1. Fig. 1C shows a typical Force-

Distance (F-D) curve for the interaction between peptide 1 and mica. 

The first peak in the retract curve indicates nonspecific interactions 

between the tip and mica. The second peak corresponds to the 

specific interaction of peptide 1 with mica. Several hundred 

(800−1500) of such F−D curves were recorded from at least two 

modified AFM cantilevers, functionalized with each of the peptides, 

and accounted for 10−30% of the specific binding events. This low 

probability of events provides evidence that the measurements are 

indeed based on single-molecule interactions with the substrate.57 

The curves that presented successful specific binding events were 

then fitted to the WLC model and the retracting forces were utilized 

to set up a histogram of the unbinding forces. A Gaussian fit applied 

to these histograms indicated the average unbinding force, which is 

known as the most probable force (MPF). In addition, the F-D data 

was collected at different loading rates for each cantilever and the 

MPF was calculated for each batch (Fig. 2). Our results revealed that 

all peptides, except peptide 3, interacted significantly with mica. 

Peptide 3 did not exhibit any detectable interaction with the 

substrate. The limit of detection for this system is 20 pN. To ensure 

this insignificant interaction of peptide 3 with mica, we repeated the 

tip functionalization process four times and performed additional 

force measurement at the same conditions as for the other peptides. 

All our attempts supported this result.  The other peptides (1, 2, 4, 5, 

6 and 7) successfully bound to mica. To compare these six peptides, 

the MPF of each was calculated at approximately the same apparent 

loading rate. These were done by calculating the slops of the curves 

just prior to unbinding events.58  

 

n= 120
n= 77

n= 78
n= 256

n= 228

MPF = 56.2 ± 27.5
MPF = 69.3 ± 22.1
MPF = 56.2 ± 27.5
MPF = 91.3 ± 24.4
MPF = 96.3 ± 17.1

MPF=56±±±±27
MPF=69±±±±22
MPF=56±±±±27
MPF=91±±±±24
MPF=96±±±±17

 
Fig. 2 Waterfall representation of a pull-off force histogram for 

the interaction between peptide 1 and mica at different apparent 

loading rates (1.54 nN, 2.52 nN, 3.08 nN, 4.82 nN and 5.80 nN) at 

298K in TDW. The red lines represent the Gaussian fit for each 

histogram. n is the number of curves used for generating a 

histogram. 

 

  At an apparent loading rate of 3.1±0.6 nN/s, peptide 1 bound to 

mica with a MPF value of 80±23 pN, whereas peptide 2 showed a 

MPF of 119±33 pN at apparent loading rate of 3.8±0.9 nN/s (Fig. 

S1†). Similarly peptide 4, 5, 6 and 7 bound the mica substrate with a 

MPF of 72±17 pN, 120±35 pN, 92±30 pN and 85±35 pN at an 

apparent loading rate of 3.2 ± 0.7 nN/s, 3.3±0.8 nN/s, 2.9±0.7 nN/s 

and 3.5±1.1 nN/s, respectively (Fig. S1†). 

To gain more insights into the binding nature of these peptides we 

used the Bell-Evans approach.25,59 This procedure predicts a 

logarithmic dependence of the most probable force with the apparent 

loading rate through the following equation: 

 

 
 

Where F is MPF, KB is the Boltzmann constant, T is temperature in 

Kelvin, Xb is the distance of the energy barrier that needs to be 

overcome for unbinding along the direction of applied force, Koff is 

the dissociation rate at equilibrium, and r is the apparent loading 

rate. For specific peptide-substrate interactions, when the MPF from 

several apparent loading rates (r) was plotted as a function of ln(r), 

the equilibrium parameters Xb and Koff were extracted as the 

intercept and the slope of a linear fit, respectively (Fig. 3). Similar 

plots and extrapolations of kinetic parameters were performed for all 

the peptides as summarized in Table 1 
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Table 1: Kinetic parameters for the peptide-mica binding events for 

all the studied peptides. ND= Non detectable.  

 

Peptide Xb (Å) Koff (s
-1) τ0 (s) 

1 1.34 8.02 0.124 

2 2.85 0.07 14.285 

3 ND ND ND 

4 1.22 10.9 0.092 

5 0.88 5.55 0.180 

6 1.51 3.61 0.277 

7 1.22 8.17 0.122 

 

The distances of energy barrier Xb for the six peptides ranged from 

0.88 Å to 2.85 Å (Fig. 3). The dissociation rate constants Koff at 

equilibrium were 8.02s-1, 0.07s-1, 10.90s-1, 5.55s-1, 3.61s-1 and 8.17s-

1 for peptide 1, 2, 4, 5, 6 and 7, respectively (Fig. 3). The lifetimes of 

bond (τ) between each peptide and mica calculated accordingly as τ 

=1/ Koff. The calculated bond lifetime for peptide 1, 2, 4, 5, 6 and 7 

and mica were 0.124s, 14.285s, 0.092s, 0.180s, 0.277s and 0.122s, 

respectively. 
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Fig. 3. The kinetic parameters were extrapolated from the linear plot 

of the force vs logarithm of the apparent loading rate for peptide (A) 

1, (B) 2, (C) 4, (D) 5, (E) 6 and (F) 7. The y and x error bars 

represent the variance of the Gaussian fit and the standard deviation 

of the apparent loading rate (r) calculated from at least 50 different 

F−D curves. R2 represents the quality of linear fitting. 

Topography study 

To obtain a more visualized image of the binding affinity of the 

peptides to the substrate in bulk, we incubated a mica substrate in a 

peptide solution of different concentrations (0.1, 0.5 and 1.0 mg/mL) 

for one hour. We then used AFM operating in an AC imaging mode 

to characterize the topography of the substrates. Fig. 4 shows the 

adsorbed peptides (peptides 1-7) at a concentration of 0.5mg/mL. 

The AFM images indicated that all peptides adsorbed onto the mica. 

In the case of peptides 1, 2, 4 and 5 a slightly higher layer adsorbed 

on the mica surface when compared to peptides 3, 6 and 7. AFM 

topography analysis for the other peptide concentrations showed the 

same trend (Fig. S2†). These results further emphasize the major 

differences between the behavior of a peptide at a single molecule 

level and in bulk. In bulk, the peptide monomers can aggregate and 

form new molecular arrangements. Therefore, this comparison 

between bulk and single molecule is essential.    

 

Fig. 4. AFM images of peptide 1-7 adsorbed onto mica surface at a 

concentration of 0.5 mg/mL after one hour of incubation. (A) peptide 

1, (B) peptide 2, (C) peptide 3, (D) peptide 4, (E) peptide 5, (F) 

peptide 6 and (G) peptide 7. The scan size of all images was 3X3 

µm.  (H) Represents the scale of the Z axis. 

 

Fourier Transform Infrared (FTIR) study 
Peptide 3 differs from peptide 1 in its third amino acid. In peptide 

3 the amino acid alanine replaced proline. The distinctive cyclic 

structure of proline gives an exceptional conformational rigidity 

compared to other natural amino acids. We, therefore, assumed that 

the adhesion of peptide 1 to mica is determined by the peptide 

conformation. To test this hypothesis we analyzed the secondary 
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structure of peptides 1-7 using FT-IR analysis and deconvoluted 

each spectrum. The spectra of all peptides had a minor peak between 

1728-1734 cm-1 attributed to C=O stretching frequency of carboxylic 

group at the C termini.60 This peak was the smallest for peptide 6 

due to the high intensity of the peak in the amide I region (1657 cm-

1). The FT-IR spectrum of peptide 1 had a major peak at 1660 cm-1. 

This peak is usually attribute to β-turns and therefore may imply that 

the peptide does not have a defined secondary structure (Fig. 5A).60 

The spectra for peptide 2, 6 and 7 had a major peak at 1657 or 1658 

cm-1 representing a α-helix secondary structure (Fig. 5B, F and G). 

Notably, peptide 3 had two major peaks, one at 1658 cm-1 which 

corresponds to a α-helix secondary structure and another one at 1616 

cm-1 which may suggest either an extended hydrated structure or β-

sheet (Fig. 5C).61 This may suggest that peptide 3 has a distinct 

secondary structure Peptide 4 showed two major peaks at 1657 cm-1 

and 1685 cm-1 which suggest a α-helix and β-turn respectively.60,62 

The spectrum of peptide 5 consisted of very small peaks at 1616 cm-

1 and 1644 cm-1 with a major peak at 1662 cm-1 that corresponds to 

β-turn.60,61 
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Fig. 5 Deconvoluted FT-IR spectra of peptide 1-7 (A-G). The dash 

line indicates the original FTIR spectra and the solid line represents 

the deconvoluted curves with Gaussian function. 

 

Molecular Simulation 
To gain more insights on the role of structure versus sequence in 

these peptide-surface interactions we performed MD simulation. To 

examine different aspects of the adsorption of peptides 1, 3 and 4 to 

mica, two independent simulations (A and B, each one by triplicates) 

were performed for each studied peptide. In the first simulation 

(denoted MD#A, where # refers to 1, 3 or 4), the peptide was set on 

the surface during the set up phase, whereas the initial position of the 

peptide was sufficiently far away from the surface (i.e. at least twice 

of the cutoff distance, 2×14 Å = 28 Å) in the second simulation 

(labeled as MD#B). According to this, MD#A simulations represent 

the peptides adsorbed onto mica while MD#B represents solvated 

peptides that remain at distances relatively close the surface but 

without adsorption. Inspection of the temporal evolution of the 

distances between the center of masses of each peptide residue and 

the mica surface, calculated using the normal vectors, indicated that 

these representations are maintained during MD#A and MD#B 

simulations in all cases (Fig. S3†). Comparison of the 

conformational preferences of each peptide, the energetic associated 

to the peptide structure and the existing peptide-surface and peptide-

solvent interactions have provided accurate explanation for the 

experiments discussed in the previous section. The conformation of 

peptide 1, 3 and 4 was examined considering the different scenarios 

described in MD#A (peptide bound to the surface) and MD#B 

(peptides in solution far from the surface) simulations. The temporal 

evolution of the radius of gyration (Rg), which provides a direct 

indication of the molecular flexibility, is displayed in Fig. 6 for the 

three examined peptides. These results reflect that the 

conformational freedom of peptide 1 is very small, independently of 

its relative position with respect to the mica surface. Thus, the 

average Rg values determined from the whole MD1A and MD1B 

trajectories are very similar and show small standard deviations 

(5.57±0.35 and 5.52±0.35 Å, respectively). Peptide 3 exhibits a 

totally opposite behavior. 
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Fig. 6 Temporal evolution of the radius of gyration determined for 

peptides 1, 3 and 4 using the snapshots recorded in (A) MD#A and 

(B) MD#B trajectories. 

 

 

Thus, the intrinsic conformational flexibility of this compound, 

which is reflected by the large standard deviation of the average Rg 

derived from MD3B (6.06±0.97 Å), is not mitigated upon deposition 

onto the mica surface (6.10±0.59 Å for MD3A). The behavior of 

peptide 4 is intermediate between those of 1 and 3. Thus, 

conformational flexibility of 4 decreases drastically upon interaction 

with the mica surface (4.97±0.17 and 6.06±0.87 Å for MD4A and 

MD4B, respectively), suggesting that molecular rigidity is a key 

factor in the binding process. These features are fully supported by 

the accumulated Ramachandran plots displayed in Fig. S4†. For 

peptide 1 the conformation of the six amino acid remains at the 

helical region of the Ramachandran map during the whole 

trajectories (Fig. S6a†), this helical arrangement favoring not only 

the interaction of the backbone with the mica surface but also of the 

side groups. In contrast, the lack of a regular conformation for 

peptide 3, which is very flexible, reduces drastically the affinity 

towards the inorganic surface through a proper distribution of the 

backbone and side groups (Fig. S6b†). Finally, the conformational 

preferences of peptide 4 largely depends on its interaction with mica, 

changing from a unfolded state relatively similar to that of 3 to a 

regular helix (Fig. S6c†) similar to that of 1 upon deposition onto the 

inorganic surface. Comparison of these results with experimental 

observations indicates that a necessary condition for the peptide to 

bind mica is a limited conformational mobility. A clustering analysis 

was used to categorize the different conformations recorded for each 

peptide in a list of unique conformations. The list was organized 

according to an increasing energy order. Unique minimum energy 

conformations were identified using the virtual dihedral angles 

defined by the C atoms of the peptide, which characterize the peptide 

backbone conformation, and both hydrogen bond and salt bridge 

interactions. The latter interactions were defined on the basis of the 

following geometric criteria: a) for salt bridges, the distance between 

the centers of the interacting groups shorter than 4.5 Å; b) for 

hydrogen bonds, the H···X distance (with X= O or N) shorter than 

2.5 Å and the ∠Y–H ··X angle higher than 120º. Two conformations 

were considered different when differing in at least one of their 

virtual dihedral angles by more than 60º or in at least one of the 

above mentioned interactions. All these criteria were found to be 

successful for the identification of bioactive clusters in linear 

peptides.63-65 Table 3 summarizes the main results of the clustering 

analysis while details about the existing interactions are provided in 

Table S1†. 

In MD#B simulation the peptides 1, 3 and 4 explored up to 695, 

1554 and 565 unique conformations, respectively. These numbers 

dropped by around a half in MD#A. In spite of this considerable 

reduction, the number of unique conformations found in MD3A is 

still 52% and 58% higher than those explored in MD1A and MD2A, 

respectively, corroborating the high conformational freedom of 3 

with respect 1 and 4. Obviously, unique conformations cover a wide 

range of relative energies (∆E) and, therefore, only a very low 

amount (< 5%) of them is representative. Table 2 includes the 

number of unique conformations with relative energy ∆E < 10 

kcal/mol calculated with respect to the global minimum of each set 

of simulations. As can be seen, the number of these conformations, 

here after denoted representative, is 18 and 11 for MD1A and 

MD4A, respectively, increasing to 25 for MD3A. This feature is in 

excellent agreement with the experimental observation that peptide 3 

cannot bind mica. 

 
Table 2. Clustering analyses of MD#A and MD#B simulations, 

where # corresponds to peptides 1, 3 and 4. The first column 

indicates the total number of unique structures identified for every 

simulation while the second column only includes the representative 

conformations (i.e. those within a relative energy gap of 10 kcal/mol 

with respect to the absolute minimum). The third column shows the 

total residence time (τ; in ns) of all representative conformations, 

which has been obtained as the sum of their life-times. 

 

Simulation Unique Representative τ 
MD1A 361 18 5.026 

MD1B 695 12 1.392 

MD3A 758 24 0.996 

MD3B 1554 25 0.576 

MD4A 315 11 5.060 

MD4B 565 489 9.606 

 

In addition, Table 3 shows the particular behavior of peptide 4, 

which is very flexible when it is surrounded by the solvent and very 

restricted when it is adsorbed onto mica (i.e. 489 (MD4B) versus 18 

(MD4A) representative conformations). The sum of the life times of 

all representative conformations for each simulated peptide, which 

has been denoted τ in Table 3, also provides relevant information 

about the binding. Consistently with its conformational variability, τ 

is very low (< 1 ns) peptide 3. In contrast, τ is very high for peptide 

4, independently of the binding to the mica surface. 

For MD4B, the very high value of τ (∼9.6 ns) together with the 

impressive number of representative conformation (489) indicates 

that the substitution of serine by alanine modifies drastically the 

potential energy hypersurface of peptide 1, becoming significantly 

flatter (i.e. the energy gaps between unique conformations decreases 

with respect to MD1B, which only shows 12 representative 

conformations with τ≈ 1.4 ns). For peptide 4 the value of τ decreased 

to 5.1 ns upon binding to the inorganic surface, being practically 

identical to that obtained for MD1A (~0.5 ns). This feature suggests 

that the mica surface affects drastically on the shape of the potential 

energy hypersurface, favorable interactions between the peptide and 

the surface being possible only for some conformational patterns. 

This hypothesis is supported by both the drastic reduction of 

representative conformations associated to the binding of peptide 4 

(i.e. from 489 in MD4B to 11 in MD4A) and the similarity between 

the number of representative conformations in MD1A and MD4A. 

Another interesting feature is that τ is very low (∼1.4 ns) for MD1B, 

suggesting that that the short life times of these conformations does 

not represent an obstacle to effectively interact with the surface for 

subsequent binding. 
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In order to provide a clearer picture of the energy associated with 

the binding of peptides 1, 3 and 4 to mica, the energy analyses have 

been carried out considering the following three contributions: (i) the 

intramolecular peptide non-bonding interactions (i.e. electrostatic 

and van der Waals interactions beyond three consecutively bonded 

atoms), Ep,nb, which takes into account the most relevant contribution 

to the internal energy changes associated to conformational 

variability; (ii) the interaction of the peptide with the mica surface, 

Ep-m; and (iii) the interaction of the peptide with solvent molecules, 

Ep-w. Accordingly, the contribution associated with the interaction 

between the mica surface and the solvent molecules has been 

omitted from the present analyses. These interactions are expected to 

play a crucial role in the evaluation of the free energy profiles 

associated with the binding process, which is out of the scope of the 

present study. However, preliminary calculations with a reduced set 

of snapshots revealed that mica – water interactions are not 

necessary to explain the experimental observations described in this 

work, their role being negligible. In addition, the intramolecular 

contribution associated with the peptide bonding interactions (i.e. 

stretching, bending and torsional strain) has been found to be 

negligible when peptides located at the same environment are 

compared and, therefore, has been omitted for clarity.  

The averaged energy contributions are summarized in Table 3. As 

it can be seen, differences between the sum of Ep,nb, Ep-m and Ep-w 

contributions (Σ) for MD#A and MD#B favor the adsorption of 

peptides in all cases, including peptide 3. Despite the fact that the 

results for this peptide are apparently in disagreement with 

experiments observations, detailed analysis of the different 

contributions reveals qualitative agreement with AFM observations. 

The lowest ∆Σ corresponds to peptide 1, -53 kcal/mol. This 

significant stabilization is due to the highly favorable peptide-surface 

interactions, which compensate the unfavorable desolvation term 

associated with the adsorption process (∆Ep-w= +70 kcal/mol) and 

the small conformational strain induced by the charged group of the 

inorganic surface. Indeed, inspection of the temporal evolution of the 

Ep-m term derived from MD1A and MD1B reveals that the ∆Ep-w 

contribution is favorable during the whole trajectory (Table 3). 

 

Table 3. Sum of the three energy contributions (Σ = Ep,nb + Ep-m + 

Ep-w; in kcal/mol), non-bonding intramolecular energy of the peptide 

(Ep,nb; in kcal/mol) and interaction energy between the peptide and 

the mica surface (Ep-m; in kcal/mol) calculated for all the studied 

systems. Standard deviations are displayed for all the averages. The 

∆Σ, ∆Ep,nb and ∆Ep-m values correspond to the difference between the 

states described in MD#A and MD#B simulations. 

Peptide MDB 

 ΣΣΣΣ
a Ep,nb Ep-m 

1 -465±24 -89±19 -1±2 
3 -480±24 -99±22 -10±17 
4 -458±18 -75±15 0±1 
 MDA 
 ΣΣΣΣ Ep,nb Ep-m 

1 -518±19 -82±12 -129±31 
3 -504±19 -88±14 -91±22 

4 -489±20 -76±12 -18±13 
 MDA – MDB 
 ∆∆∆∆ΣΣΣΣ ∆∆∆∆Ep,nb ∆∆∆∆Ep-m 

1 -53 7 -130 
3 -24 11 -81 
4 -31 -1 -18 

 

a The contribution associated to the interaction between the peptide 

and the solvent molecules (Ep-w), which is not explicitly listed, can 

be inferred from Σ and the two contributions. 

Moreover, comparison between the Ep-w values obtained for the 

three peptides in MD#A (Table 3) indicates that the interaction of 

peptide 1 with mica is -38 kcal/mol more intense than that of peptide 

4, which in turn is significantly more favored (-73 kcal/mol) than 

that of peptide 3. The affinity of peptide 1 towards the mica surface 

should be essentially attributed to the electrostatic interactions 

promoted by the guanidinium group of the arginine side group and 

C-terminal carboxylate group. This is clearly evidenced in Figure 

7A, which depicts both a representative snapshot and the temporal 

evolution of the distance between the center of masses of the 

guanidium group and the mica surface (dg-m). In order to verify if the 

role-played guanidinium group is unique or other alternative peptide-

surface interactions can be formed in absence of arginine, MD 

simulations of peptide 6 adsorbed onto mica were performed using 

as starting point the structure displayed in Fig. 7A. For this purpose, 

peptide 1 was transformed into peptide 6 by replacing arginine by 

alanine without changing any conformational parameter or 

modifying the orientation of the peptide with respect to the surface. 

Snapshots recorded after a few ns revealed the presence of 

interactions between the mica surface and both the C-terminal 

charged group and the glutamine polar side group (Fig. S7†), which 

is consistent with the binding observed for peptide 6. Furthermore, 

the interaction involving the C-terminal charged group is fully 

consistent with results derived from simulations on peptide 4 

adsorbed onto mica. 

A completely different behavior is obtained for peptide 3, which 

can be summarized as follows. First, the adsorption onto mica of the 

freely solvated peptide provokes an intramolecular energy penalty 

(∆Ep,nb) that is ∼60% higher for peptide 3 than for peptide 1. 
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Fig. 7 Left: Snapshot of (A) 1, (B) 3 and (C) 4 adsorbed onto mica. 

The displayed structures correspond to that of lowest Σ energy value 

(see text for the definition of Σ). Right: Temporal evolution of the 

distance between the center of masses of the guanidinium group and 

the mica substrate calculated considering the normal to the inorganic 

surface. 

 

The interaction of the peptide with the inorganic substrate in MD#A 

simulations is ∼30% weaker for peptide 3 than for peptide 1. This is 

because in MD3A the interaction of the peptide with the substrate 

exclusively occurs thorough the arginine side group (Fig. 7). The 

low affinity towards mica exhibited by peptide 3 has a drastic impact 

on ∆Σ, which is 29 kcal/mol (i.e.∼65%) higher for peptide 3 than for 

peptide 1. Indeed, the Σ values derived from MD3A are only 

comparable to those of MD1A when the peptide 3 adopts very stable 

conformations, which are infrequent presenting very short life times 

(i.e. as showed above, these conformations are entropically 

disfavored). Finally, the Ep-w term, which is very similar for MD3B 

and MD1B (i.e. -371 and -375 kcal/mol, respectively), also favors 

the adsorption of peptide 1 with respect to peptide 3 (i.e.Ep-w is -325 

and -307 kcal/mol for MD3A and MD1A, respectively). Regarding 

peptide 4, results indicate that the favorable adsorption onto mica 

(i.e.∆Σ is intermediate between those calculated for peptide 1 and 

peptide 3) essentially arises from the desolvation energy penalty, 

which is very low in relation to those obtained for the other two 

peptides. Thus, ∆Ep-w is 68, 46 and 20 kcal/mol for peptide 1, 3 and 

4, respectively. The low ∆Ep-w penalty obtained for peptide 4 (i.e.Ep-

m values are relatively similar for MD4A and MD4B) compensates 

the poor ∆Ep-m contribution (Table 3). Both ∆Ep-w and ∆Ep-m values 

are explained by the preferred binding mode found for peptide 4. 

Thus, charged and polar peptide side groups are oriented towards the 

bulk solvent in many of the representative conformations, the main 

interaction with the surface involving the terminal carboxylate group 

only. This feature, which is clearly evidenced in the representative 

snapshot displayed in Fig. 7C, is also responsible of the fluctuations 

observed for dg-m along the trajectory. Finally, in those peptide 

analogs in which proline is kept but the total charge of the peptide is 

affected by the alanine substitution (such as peptide 6), the capacity 

of such peptides to interact with the inorganic surface stems from 

their ability to be adsorbed without the conformational restrictions 

observed in peptides 1 or 3.  

Conclusions 

In summary, the combined use of single molecule experiments 

and atomistic computer simulations allowed us to comprehend the 

basis of selective adsorption between a peptide selected for mica 

binding by phage display and mica. Using alanine scan and single 

molecule force spectroscopy, we noticed that the amino acid proline 

is highly important for the attachment of the peptide to mica. When 

alanine replaced proline, the adhesion of the peptide to mica reduced 

considerably, while replacing other amino acids in the sequence did 

not have any significant effect. Since proline can influence the 

conformation of the peptide, we assumed that this is the reason for 

its significant effect. FT-IR analysis supported our assumption, that 

the peptides has a different conformation. In addition, MD 

simulations on representative peptides showed that their capacity to 

be adsorbed on mica is closely related with their inner 

conformational freedom. Peptide 1, which displays small 

conformation freedom, was especially influenced by the presence of 

a proline at its N-terminal site. Such circumstance favored its 

adsorption on mica, which is driven by the high affinity of peptide 1 

charged groups towards mica. Specifically, both the arginine side 

chain and the terminal carboxylic group played a crucial role 

interacting with the inorganic surface. When the proline residue was 

replaced by alanine (peptide 3), conformational restraints were lost 

affecting negatively the conformational preferences on this peptide. 

The adsorption, though energetically favored, became a hampered 

process. Upon adsorption, the internal energy of peptide 3 increased 

whereas the interaction with the surface was weaker than that 

observed for peptide 1. This is because of the following two reasons: 

(1) the conformational arrangements suitable for absorption of 

peptide 3 only allow the side chain of arginine to actively interact 

with mica; and (2) the structures that facilitate the adsorption show 

very short life times, limiting the adsorption of peptide 3 on mica.  

Overall, the insights we obtained from these experimental and 

theoretical experiments contribute to our understanding on the 

interaction of peptides with inorganic surfaces. This knowledge 

is highly important for the development of new composite 

materials.  
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