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Abstract As often seen in biological structural mate-

rials, bone exhibits complex hierarchical structure. The

primary constituents of bone are collagen and hydroxy-

apatite (HAP). HAP mineralizes at specific locations at

collagen, in such a way that the c-axis of HAP aligns

parallel to collagen molecule. The collagen molecule is

helical overall with non-helical ends that are N- or

C-telopeptides. The collagen molecule with telopeptides

interacts with specific surfaces of mineralized HAP.

When subjected to load, the interactions at the interface

between HAP and collagen may significantly affect the

overall mechanics of the collagen molecule. Here, we

have performed molecular dynamics (MD) and steered

MD (SMD) simulations in order to understand the load

carrying behavior of collagen in the proximity of HAP.

Our simulations indicate that the load-deformation re-

sponse of collagen is different when it interacts with

HAP as compared to its response in the absence of HAP.

The interface between HAP and collagen affects the

overall load-deformation response of collagen. Further,

bone also has considerable amount of water and we have

observed that water significantly influences the load-

deformation response of collagen due to collagen-water-

HAP interactions.

Introduction

Bone is an important structural component of the human

body and is a part of the skeletal system. It performs var-

ious mechanical, biological, and chemical functions which

include: supporting the body structure, protecting internal

organs, producing red and white blood cells, and storing

various ions [1, 2]. It has a unique capability of self-

regeneration under appropriate conditions [3]. Bone

exhibits a distinct set of mechanical properties depending

on its location in the skeletal system [4]. This is due to the

fact that the different p’arts (bone) of the skeletal system

undergo different loading paths during normal daily

activities [5, 6]. These unique sets of mechanical properties

are a result of structural hierarchy in bone [7–9] which

encompasses molecular to macroscopic level spanning

over several orders of magnitude of length scale as shown

in Fig. 1. However, the role of mechanics of various

structures at different length scales on overall mechanical

response is not clearly understood. This understanding is

vital for designing novel implant materials with mechanical

properties similar to natural bone [10–14]. Several attempts

have been made to understand the mechanical properties of

bone and its relation to the hierarchal structural organiza-

tion [15–31]. Ji et al. have used finite element modeling

(FEM) methods to calculate the fundamental mechanical

properties of bone [21]. Buehler et al have explained the

reasons for the specific length of collagen molecules which

is observed in the nanostructure of bone and its mechanical

properties by multiscale modeling techniques [22, 23].

Hellmich et al. have examined the mechanical behavior of

bone through micromechanics formulations [24, 25]. It has

been observed that the young’s modulus of cortical bone is

in the range of 14–20 GPa [26], whereas that of the osteon

lamellar structure is about 22 GPa [27]. However, the
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mechanical response of collagen when mineral has min-

eralized at specific locations is not known. This is very

difficult to obtain from experimental techniques due to

small size of mineralized hydroxyapatite crystals

(50 nm · 25 nm · 3 nm) and collagen molecule (300 nm)

[28–31]. In this present study we have obtained the

mechanical response of collagen molecule in proximity of

mineral using steered molecular dynamics (SMD) simula-

tions. In our prior work on a biological hybrid system

nacre, [32], we have observed marked influence of prox-

imity of mineral on the mechanics of the protein molecule

at organic-inorganic interfaces.

Also, it has been observed from experiments that water

affects the overall mechanical response of bone. Bone has

about 10 % of water in body environment (Table 1) [28,

33–35] and with loss of water, bone exhibits different

mechanical properties [36–43]. It has been observed that

strain-at-fracture and energy-to-fracture decreases, whereas

tensile strength, stiffness, and hardness increases with loss

of water [36–41]. Nyman et al. have shown that toughness

of bone decreases when water is removed from collagen,

whereas both the strength and toughness decrease when

water is lost from mineral phase [42]. Currey et al. have

shown that water affects the viscoelastic behavior of bone

[43]. Dry bone exhibits lower anelastic deformation as

compared to wet bone. These indicate that water has sig-

nificant influence on overall mechanical response of bone.

However, the role of water on the nanostructure of bone,

where the collagen is interacting with hydroxyapatite

(HAP) nanocrystals, is not well understood. Here, we

attempt to understand the mechanical response of wet

collagen (solvated collagen) and compare it with dry col-

lagen (unsolvated collagen) when interacting with HAP

surface. This has been done using SMD simulations.

In order to perform simulations, nano and molecular

structure of collagen-HAP system should be understood

clearly. At the nanoscale, bone consists of HAP mineral-

ized at specific locations on collagen molecules [7].

Between the collagen molecules, HAP mineralizes in

specific zones called as ‘hole zones’ (Figs. 1 and 2) [44,

45]. The mineralized HAP in these zones is hexagonal in

structure with its c-axis aligned parallel to collagen fibers

[46]. Collagen exhibits helical structure whereas its ends

are non-helical and are known as N- or C-telopeptides

[47–49]. Thus, collagen interacts with HAP through these

telopeptides as shown in Fig. 2. We have constructed the

model in a similar way as shown in Fig. 2. The main focus

of the present modeling study with SMD simulations is to

evaluate the role of mineral (HAP) and water on the

load-deformation behavior of collagen molecule in close

proximity of HAP.

Simulation Details

NAMD [50] has been used to perform MD and SMD

simulations using CHARMm (Chemistry at Harvard

Macromolecular mechanics) force field [51] and VMD [52]

has been used for all the interactive studies and visualization.

Fig. 1 Schematic showing

structural hierarchy in Bone

Table 1 Bone Composition (adapted from reference 19)

Components Weight percentage

Hydroxyapatite 60

Collagen 20

Water 9

Ions and Non-collagenous proteins 11
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NAMD has been developed by theoretical and computa-

tional biophysics group at the Beckham Institute for

Advanced Science and Technology at the University of

Illinois at Urbana-Champaign. Minimization has been

performed by conjugate gradient method on all models

before performing MD and SMD simulations. Isothermal

and isobaric ensemble (NPT) is used for MD and SMD

simulations with periodic boundary conditions. Electro-

static interactions between pairs are calculated by Particle

Mesh Ewald (PME) technique. The van der Waals cut off

distance of 9 Å has been used in all simulations. Tem-

perature of all models is controlled by Langevin dynamics

and pressure is increased to 1.01 bar in steps and is cal-

culated by Nose-Hoover Langevin piston method [53, 54].

Verlet algorithm is used to integrate the Newton equation

of motion [53, 54]. MD simulations have been performed

on all models followed by SMD simulations.

Model Construction And Simulations

Collagen Molecule with N-Telopeptide

The collagen is a triple helix molecule with three poly-

peptide chains with each polypeptide chain forming a left-

handed helix that is folded in a right-handed superhelix

[55]. The structure of collagen molecule with telopeptide is

obtained from literature [49], where the (GPP)n model of

collagen was obtained from the Protein Data Bank-ID

1 k6f.pdb [56]. Further, N-terminal telopeptide sequence

used in the simulations is as follows [57, 58]:

a1-GlnLeuSerTyrGlyTyrAspGluLysSerThrGlyIleSer-

ValPro-helix (GlyProMet-)

a2-GlnPheAspAlaLysGlyGlyGlyPro-helix (GlyProMet-)

The three stranded N-telopeptide are joined to triple

helix molecule (GPP).

First, collagen molecule with N-terminal telopeptide

(N-Collagen) is geometrically optimized through energy

minimization using CHARMm force field [51]. Further,

the optimized model is solvated with 1800 TIP3P

water molecules followed by energy minimization of the

solvated N-Collagen. Furthermore, the temperature is

increased to 300 K from 0 K in steps of 100 K followed

by increasing pressure from 0 bar to 1.01 bar in steps of

0.25 bar. The resulting structure has been used to per-

form SMD simulations in absence of HAP. The same

geometrically optimized N-Collagen molecule has been

used with HAP for interaction studies. In order to ana-

lyze the role of water on the overall mechanical

response of N-Collagen, unsolvated N-Collagen is also

used for SMD simulations in close proximity and in

absence of HAP. Here, again the same route has been

taken to obtain unsolvated N-Collagen molecule for

SMD simulations.

HAP crystal model

HAP mineral has a hexagonal structure with space group

P63/m [59]. The unit cell parameters are a = 9.424 Å,

b = 9.424 Å, c = 6.879 Å, a = 90�, b = 90�, c = 120�. The

dimensions of the HAP used in the present study are

a = 75.392 Å, b = 75.392 Å, c = 20.637 Å, a = 90�,

b = 90�, c = 120� which correspond to 192 unit cells of

HAP i.e., 8 unit cells along a-axis, 8 unit cells along b-axis

and 3 unit cells along c-axis. The dimensions of periodic

boundary conditions are the same as dimensions of the

HAP model used. CHARMm force field parameters for

HAP have been obtained from our previous study of

interfaces between HAP and polyacrylic acid [60, 61]. The

constructed HAP model is first geometrically optimized

through energy minimization then its temperature is

increased from 0 K to 300 K in steps of 100 K. Further,

pressure is increased to 1.01 bar in steps of 0.25 bar.

Finally, the model is again geometrically optimized

through energy minimization. The optimized model has

been used to create appropriate surfaces. It has been found

Fig. 2 The HAP-Collagen

Interface
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from experiments that the c-axis of HAP aligns parallel to

collagen molecule, i.e. (0001) surface of HAP interacts

with telopeptide of collagen molecule (Fig. 2). The (0001)

surface of HAP has been created by extending the c-axis of

HAP model from 20.637 Å to 320.637 Å which creates

300 Å of vacuum between (0001) surface of HAP and its

periodic image. This creates a pseudo 2D periodic

boundary condition from 3D periodic boundary condition.

The (0001) surface of HAP is rendered non-dipolar by

removing half of the surface ions (calcium atoms) from

(0001) surface to its opposite surface. The construction of

non-dipolar surface from dipolar surface has been per-

formed in accordance with Tasker et al. [62]. The non-

dipolar surface has been constructed because it has been

observed previously that these surfaces are stable as com-

pared to dipolar surfaces [63]. The HAP model with (0001)

surface is geometrically optimized through energy mini-

mization and then the temperature is increased from 0 K to

300 K in steps of 100 K. Further, pressure is increased to

1.01 bar. Finally, the model is geometrically optimized in

order to obtain the structure of the model at the global

energy minimum. This optimized model has been used

with solvated and unsolvated N-Collagen to construct

HAP-Collagen model.

Hydroxyapatite with N-Collagen molecule (HAP-

Collagen)

The optimized model of solvated and unsolvated N-Col-

lagen is brought in close proximity of minimized model of

HAP with (0001) surface separately (HAP-Collagen)

(Fig. 3). The model thus constructed is first geometrically

optimized through energy minimization. Further, the same

procedure is used to reach a temperature of 300 K at a

pressure of 1.01 bar as mentioned in the previous sections.

Finally, such created HAP-Collagen model is used for

SMD simulations.

Steered molecular dynamics (SMD) simulations

SMD simulation is a type of MD simulation technique in

which force is applied to selected atom/atoms. It provides

the dynamics of binding and unbinding of analyzed mol-

ecules with applied load [64–74]. It also provides the

mechanical response of molecules. SMD simulations can

be conducted at: constant force [64, 75] and constant

velocity [64–67, 76]. We have used constant velocity SMD

(v-SMD) in which constant velocity is applied to selected

atom/atoms. Force is calculated in v-SMD as F = k(vt–x),

where k is the spring constant of the spring attached to the

pulled atom/atoms, and v is the pulling velocity, t is the

time and x is displacement. In order to analyze the response

of N-Collagen molecule under load, the center of mass of

N-Collagen has been pulled at a velocity of 1 Å/ps. The

force constant of the spring is 4.0 kcal mol–1Å–2 which

corresponds to spatial (thermal) fluctuation of the center of

mass of 0.77 Å
ffiffiffiffiffiffiffiffiffiffiffiffiffi

kBT=k
p
� �

[77] at 300 K. The ends of the

telopeptides chains are fixed (carbonyl carbon atoms of

pyroglutamic acid residues of all the chains). In order to

analyze the load-deformation behavior of N-Collagen, the

center of mass of the N-Collagen is pulled in close prox-

imity of HAP and in absence of HAP. To understand the

role of water on the load-deformation behavior, another

type of v-SMD simulations have been performed in which

center of mass of solvated and unsolvated N-Collagen is

pulled in close proximity of HAP separately and the layers

of HAP opposite to (0001) surface are fixed (Fig. 4).

Interaction energy calculation

The interaction energy between the components has

been evaluated by energy evaluation tool of NAMD,

MDEnergyTM [50]. Here, energy is calculated between

defined atoms using a specified cut-off distance. This

Fig. 3 Minimized models of

(a) Solvated and (b) Unsolvated

N-Collagen interacting HAP

surface (N-Collagen molecules

are represented in Tube (a1

chains are in black color

whereas a2 chain is in white

color), Water is represented by

ball and stick representations,

and HAP is represented in

VDW)
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technique uses the trajectory file obtained during simula-

tions, the topology file of the structure, and the parameter

file. The interaction energy between the atoms has been

calculated for the entire 150 ps of v-SMD simulations.

Results and discussion

Figure 5a shows the load-deformation response of solvated

N-Collagen in close proximity (grey) and in absence

(black) of HAP (Fig. 6). The load-deformation behavior of

N-Collagen in close proximity of HAP shows five distinct

regions and they are represented as A1A2, A2A3, A3A4,

A4A5, and A5A6. The slopes of these regions represent the

stiffness of N-Collagen when HAP is present. The change

in slope corresponds to unbinding and binding events

occurring at different time intervals. The region A1A2

results from the interaction of N-Collagen with water

molecules and with HAP molecule. The change in slope

from region A1A2 to A2A3 results from unbinding of

N-Collagen from water molecules that are interacting with

N-Collagen and HAP surface. The regions A3A4 and

A4A5 result from breaking of hydrogen bonds between

proline and glycine residues of helical regions of

N-Collagen, and also from unbinding of water molecules

from N-Collagen. Finally, the region A5A6 is attributed to

the backbone chain of the N-Collagen molecule. Similarly,

the same type of behavior is also obtained for N-Collagen

in absence of HAP as shown in Fig. 5a. However, the

region A2A3 which has been obtained for the N-Collagen

in presence of HAP is not observed for the N-Collagen in

absence of HAP. The reason for this is that at the start of

the region A2A3 (in the plot for N-Collagen in presence of

HAP), N-Collagen unbinds from the water molecules and

the water molecules interact with the charged surface of

HAP, whereas in the absence of HAP, there is absence of

interaction of water molecules with any surface.

In order to understand the role of water on the

mechanics of N-Collagen, unsolvated N-Collagen is also

used and is shown in Fig. 5b, where pulling of unsolvated

N-Collagen in close proximity of HAP is represented by

grey color whereas the pulling of unsolvated N-Collagen in

absence of HAP is represented by black color. The

response of N-Collagen in close proximity of HAP exhibits

five regions: C1C2, C2C3, C3C4, C4C5, and C5C6

whereas the N-Collagen in absence of HAP exhibits six

regions: D1D2, D2D3, D3D4, D4D5, D5D6, and D6D7. A

similar type of trend has been observed for several proteins

when pulled at constant velocity [71, 78]. The regions

C5C6 and D6D7 result from backbone chain of

N-Collagen. On comparing the slopes of regions A1A2

Fig. 4 Pulling of solvated N-Collagen in close proximity of HAP.

Here Layers opposite to (0001) surface of HAP were fixed (as shown

in white color) (N-Collagen molecules are represented in VDW (a1

chains are in black color whereas a2 chain is in white color), Water is

represented in ball and stick, and HAP is represented in VDW)

Fig. 5 Load-Deformation plots of (a) Solvated and (b) Unsolvated

collagen molecule in close proximity and in absence of HAP
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(44.93 kcal mol–1Å–2) and B1B2 (53.03 kcal mol–1Å–2), of

solvated N-Collagen with the slopes of the regions C1C2

(53.24 kcal mol–1Å–2) and D1D2 (57.92 kcal mol–1Å–2) of

unsolvated N-Collagen, it has been observed that the slopes

of these regions are similar. This indicates that the presence

of HAP and water does not affect stiffness of the backbone

chain of N-Collagen molecule. However, the peak loads of

solvated and unsolvated N-Collagen molecules in close

proximity of HAP are 10600 pN and 9700 pN respectively,

at displacements of 34.7 Å and 15.6 Å respectively. These

are observed as peak loads when the contribution of the

backbone of N-Collagen is not significant in the load-

deformation response. Similarly, we have observed that the

peak loads of solvated and unsolvated N-Collagen mole-

cules in absence of water are 10000 pN and 6500 pN with

displacements 27.7 Å and 15.6 Å respectively. This indi-

cates that water influences the load-deformation response

of N-Collagen. In order to analyze the role of water on the

interaction of N-Collagen with HAP, another type of

v-SMD simulations have been performed as mentioned in

the SMD section. Here, solvated and unsolvated N-Colla-

gen molecules are pulled in close proximity of HAP while

keeping the layers opposite to (0001) surface of HAP fixed

(Fig. 7). The load-deformation response thus obtained is

shown in Fig. 8a, b. The area under the load-deformation

plot represents the energy needed by a molecule to deform.

The area under the plots of Fig. 8a, b represents the energy

needed by solvated and unsolvated molecule to untie from

the HAP surface. On comparing the area of the

load-deformation response of solvated and unsolvated

N-Collagen in close proximity of HAP, it has been

observed that the solvated N-Collagen requires more

energy (296.87 kcal/mol) to untie from the surface as

compared to the unsolvated N-Collagen molecule

(210.34 kcal/mol). This comparison has been performed

for displacement of center of mass up to 50 Å as beyond

50 Å, the area does not change significantly. To understand

the attachment of N-Collagen molecule with HAP, inter-

action energy between various components during v-SMD

simulations has been calculated using MDEnergyTM as

shown in Fig. 9. During v-SMD simulations, interaction

energy between HAP-water is highest followed by inter-

action energy between collagen-water and then between

HAP-collagen. Although significant changes are apparent

in the load-deformation response as shown in Fig. 7, the

corresponding changes are not significant in the Energy-

Time plot (Fig. 9). This indicates that the interaction

between HAP and N-Collagen occurs through water i.e.,

the load is transferred to HAP from N-Collagen through the

water molecules present between HAP and N-Collagen.

Conclusions

Bone exhibits a complex structural hierarchy that spans

over nanometer to millimeter. At the nanostructural level,

bone is primarily composed of HAP and collagen. Here, we

have evaluated the load-deformation behavior of N-Colla-

gen molecules in close proximity and in absence of HAP

using v-SMD simulations. It has been observed that the

load-deformation response of solvated N-collagen in close

proximity of HAP has features which result from breaking

Fig. 6 Pulling of Solvated

N-Collagen (a) in close

proximity of HAP and (b) in

absence of HAP (Here

telopeptide ends are fixed)
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of hydrogen bonds between N-Collagen and water, where

water is interacting with HAP significantly. These features

are not present in the plot for N-Collagen in absence of

HAP due to lack of interaction between water and HAP.

The load-deformation response for solvated N-Collagen

differs from the load-deformation response of unsolvated

N-Collagen. To understand the role of water on the load-

deformation response of N-Collagen in close proximity of

HAP, solvated and unsolvated N-Collagen molecules are

pulled separately in close proximity of HAP. It has been

observed from the plots of load-deformation response that

the solvated N-Collagen requires more energy to untie

from the HAP surface as compared to unsolvated

N-Collagen. We have shown from the energy-time plots of

various pairs that N-Collagen interacts with HAP through

water.

The present study is focused on the influence of mineral

and water on the load deformation behavior of N-Collagen

in HAP-Collagen model system. This model system is the

initial step towards understanding the molecular and nano

mechanical response of bone. However, in order to predict

the molecular and nano mechanical response of bone

accurately, the present model needs to incorporate several

complex molecular and nano features of bone such as

intergrowth. Also, in order to evaluate the mechanical

response of nano and molecular structure of real bone

Fig. 7 Pulling of (a) Solvated

and (b) Unsolvated N-Collagen

in close proximity of HAP along

c-axis (along [0001] direction)

during different time (Here

layers opposite to (0001)

surface are fixed)

J Mater Sci (2007) 42:8795–8803 8801
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accurately, the present model would require more param-

eters to include the complex nano and molecular structural

features of real bone. However, the present study is a first

step in the process and has shown that mineral and water

influence the load-deformation behavior of N-Collagen.
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