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A B S T R A C T   

Obtaining rapid mineralisation is a challenge in current bone graft materials, which has been attributed to the 
difficulty of guiding the biological processes towards osteogenesis. Amelogenin, a key protein in enamel for-
mation, inspired the design of two intrinsically disordered peptides (P2 and P6) that enhance in vivo bone 
formation, but the process is not fully understood. In this study, we have elucidated the mechanism by which 
these peptides induce improved mineralisation. Our molecular dynamics analysis demonstrated that in an 
aqueous environment, P2 and P6 fold to interact with the surrounding Ca2+, PO4

3− and OH− ions, which can lead 
to apatite nucleation. Although P2 has a less stable backbone, it folds to a stable structure that allows for the 
nucleation of larger calcium phosphate aggregates than P6. These results were validated experimentally in a 
concentrated simulated body fluid solution, where the peptide solutions accelerated the mineralisation process 
compared to the control and yielded mineral structures mimicking the amorphous calcium phosphate crystals 
that can be found in lamella bone. A pH drop for the peptide groups suggests depletion of calcium and phosphate, 
a prerequisite for intrinsic osteoinduction, while S/TEM and SEM suggested that the peptide regulated the 
mineral nucleation into lamella flakes. Evidently, the peptides accelerate and guide mineral formation, eluci-
dating the mechanism for how these peptides can improve the efficacy of P2 or P6 containing devices for bone 
regeneration. The work also demonstrates how experimental mineralisation study coupled with molecular dy-
namics is a valid method for understanding and predicting in vivo performance prior to animal trials.   

1. Introduction 

Bone graft material should exhibit osteoinductive properties for 
successful bone regeneration in large skeletal defects or procedures like 
spinal fusion [1,2]. Osteoinductive properties are traditionally described 
by a material’s ability to recruit preosteoblast cells and stimulate them 
towards differentiation, thereby increasing the rate of bone formation 
[3,4]. Lately, it has been established that a material can claim intrinsic 
osteoinductive properties if it can create a local depletion of calcium 
and/or phosphate through binding to the ions [5]. This indicates that 
osteoinduction is not only a biologically driven phenomenon but is also 
affected by physical, spatial and chemical factors. 

Part of the osteoinduction process is biomineralisation, i.e., hard 
tissue formation. Even if a material is osteoinductive, the deposited 
mineralisation must be organised to replicate native bone. This is 
challenging as bone is a composite of minerals and collagen hierar-
chically structured down to the nanoscale [6]. The hierarchical orga-
nisation of the composite structure has been recognised to give bone its 
unique properties of combined high compressive strength and fracture 
toughness [7–9]. Hence, a suitable bone graft material must guide the 
mineralisation structure and induce mineral precipitation. Recently, 
Pang et al. [10] studied the bone structure on a nanoscale and deter-
mined that the bone consists of stacks of mineral lamellar that are 
“glued” together by non-collagenous proteins, which they believe 
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contributes to the bone stiffness, strength and ability to absorb energy. 
The biomineralisation process is governed by hormones, enzymes, 

and regulatory proteins [11,12]. To understand this mechanism, Kalmar 
and colleagues extensively analysed the SwissProt protein database 
proteins responsible for biomineralisation in vertebrates [11]. They 
observed that these proteins had an extremely high level of predictable 
disorder compared to other protein groups and a high frequency and 
repetition of the amino acids serine, arginine, and proline. Their results 
suggest that these proteins’ ordered-disordered nature is essential in 
mineralisation. Proteins with such properties are called intrinsically 
disordered proteins (IDPs). One such IDP is amelogenin, which is asso-
ciated with the formation of enamel in vertebrates [13–15], where it is 
believed that the proline-richness (approx. 30 %) prevents the formation 
of secondary structures and provides the IDP characteristics [16]. 
Inspired by amelogenin’s role in regulating biomineralisation and 
composition of proline-enriched regions, a set of artificial peptide se-
quences was designed [17]. These peptides were investigated in a set of 
in vitro comparative studies to the animal-derived enamel matrix de-
rivative (EMD) [17–20]. EMD is a protein-cocktail (90 % amelogenin) 
commercially used for periodontal regeneration in Emdogain®, a 
product by Institute Straumann AG [21]. In their initial study, Rubert 
and colleagues observed that the P2 peptide (see Table 1 [22]) gave 
higher expression for all osteoblast gene markers except for collagen 
type 1 when tested on human umbilical cord mesenchymal stem cells 
[17]. Further, P2 also increased the calcium deposition rate compared to 
EMD. In a later study, another sequence, P6 (see Table 1), showed an 
ability similar to the P2 peptide and EMD to induce osteoblastic differ-
entiation [19]. Since the in vitro results for bone formation were 
particularly promising for two of the peptides, P2 and P6, they were 
investigated as enhancing bone formatting peptides by being integrated 
into the coating of the new bone xenohybrid graft SmartBonePep® [23]. 

Both on osteoblasts [24] and human mesenchymal stem cells [25], 
the SmartBonePep® graft exhibit improved cell proliferation and pro-
motes osteogenic-related gene expression. Continuing on this work, 
Rahmati and colleagues recently tested the SmartBonePep® graft in vivo 
in a critical-sized bone defect model in young pig skulls [26]. Their re-
sults suggest that P2 stimulates significantly greater biomineralisation 
than P6 and the bone graft without peptide, as confirmed by histology, 
immunohistochemistry and micro-Computed Tomography (μCT). 
Interestingly, Synchrotron WAXS/SAXS results indicate that the P2 
group had an apparent ability to remodel itself into native-like bone 
compared to the other groups. Their optical photothermal IR microscopy 
results suggest that the peptides are present in the highly mineralised 
regions of the treated defect. Therefore, it can be hypothesised that the 
peptides help nucleate the mineral structures. 

A remaining question is whether the peptides obtain their effect 
through the stimulation of cells or by physical, spatial, or chemical 
means. Consequently, in this paper, we aim to investigate the ability of 
two proline-rich peptides (P2 and P6) to regulate biomineralisation. This 
was done using molecular dynamics simulation to understand the pep-
tides’ ability to bind to calcium, phosphate, and hydroxide ions, thereby 
nucleating mineral crystals. To validate the molecular dynamics simu-
lation, the peptides were introduced to a concentrated simulated body 
fluid solution that was developed by researchers at the RMS Foundation 
to favour mineralisation [27]. Calcium and phosphate concentrations 
were measured at different time points, and the precipitated minerali-
sation was characterised using TEM, XRD, S/TEM with EDS and SEM. 

2. Materials and methods 

2.1. Materials 

The proline-rich IDPs, P2 and P6 (sequences in Table 1 [22]), were 
supplied by Pepmic Co., Ltd., Jiangsu, China. All other chemicals were 
acquired from VWR, Oslo, Norway. 

2.2. Molecular dynamics simulation 

An atomistic model of the P2 and P6 peptides immersed in an 
aqueous hydroxyapatite-ion (Ca2+, PO4

3− , OH− ) solution was developed 
in Biovia Discovery Studio v17.2.0 using a “OPLS 2005” all-atom force 
field. Initially, one of the peptides is in its extended orientation sur-
rounded by randomly placed clusters of hydroxyapatite-ions, with the 
water (TIP3P model) molecules at 10 Ångström (Å). The distinctive 7.7 
pH environment was created by altering the protonation state of titra-
tion sites. The pKa values for each peptide protonation site were pre-
dicted using the ‘Prepare protein wizard’ and Simulation setup modules 
of Schrödinger’s Desmond. These peptide models were then simulated to 
obtain the equilibrated configuration for the peptides in an aqueous 
solution. After preliminary minimisation, the model systems were 
heated for 100 ps in an orthorhombic ensemble molecular dynamic 
(MD) simulation run to reach the experimental temperature of 27 ◦C 
(300 K). During this step, the water molecules were kept fixed. All re-
straints were removed, and the peptides were simulated by running 100 
ns of an isothermal–isobaric MD simulation at 300 K of temperature and 
1 atm of pressure under periodic boundary conditions. A RESPA inte-
grator was used with a time step of 2 fs, and long-range electrostatics 
were computed every 6 fs. One system for each of the two simulations 
containing approximately 18,050 and 17,658 atoms for P2 & P6 pep-
tides was equilibrated using Desmond in the NPT ensemble. The final 
simulation system consisted of P2/P6 peptide, 65 Ca2+ ions, 39 PO4

3−

ions, 13 OH− ions, and 5794 and 5660 water molecules, respectively, for 
P2 & P6 peptides. These MD runs used a time step of 2 femtoseconds, the 
Langevin thermostat, and a 9 Å cutoff. The particle mesh Ewald5 (PME) 
approach was used to treat the long-range electrostatic effects, and the 
SHAKE algorithm was used to treat the bonds involving hydrogen atoms. 
Simulation Quality analysis (SQA), Simulation event analysis (SEA) and 
Simulation interaction diagram modules of Schrödinger’s Desmond 
package were employed to analyse the simulation and to generate the 
graphs. 

2.3. Mineralisation assay 

The mineralisation study used the concentrated simulated body fluid 
developed by Maazouz and colleagues [27], which we coined RMS-SBF. 
Two stock solutions were prepared using sodium chloride, calcium 
chloride, disodium phosphate and Milli-Q water: one calcium-rich (SBF- 
A) and one phosphate-rich (SBF-B) after the ion concentration described 
in Table 2. The simulated body fluid used for the mineralisation study 
(RMS-SBF) was prepared by mixing SBF-A and SBF-B in equal volumes 
just prior to the test. For the experiment, the RMS-SBF solution with 
peptides and control without peptides was put in vials (3 ml) and filled 
completely to exclude CO2. The peptides were, prior to addition, dis-
solved in 1 % acetic acid at a concentration of 10 mg/ml and were added 
to the RMS-SBF for a final concentration of 10 μg/ml. The peptide stock 
solution was stored in the fridge (4 ◦C) and used within 7 days of 

Table 1 
Peptide sequences of the two peptide variants; P = Proline, L = Leucine, V 
= Valine, S = Serine, Q = Glutamine, M = Methionine, H = Histidine – 
Covered by the patent: [22].  

Peptide Peptide sequences 

P2 PLV PSQ PLV PSQ PLV PSQ PQ PPLPP 
P6 PHQ PMQ PQP PVH PMQ PLP PQ PPLPP  

Table 2 
Ion solution in the different SBF solutions – all in mM.   

Na+ Ca2+ Cl− HPO4
2−

SBF-A  161.2  7.4  176.0  
SBF-B  161.2   152.8  4.2 
RMS-SBF  161.2  3.7  164.4  2.1  
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preparation. 
Before starting the experiment, the pH of RMS-SBF was measured 

with a PHM210 Standard pH meter (MeterLab®, Radiometer Analytical 
SAS, France) equipped with a pH sensor from VWR Chemicals, US. 

The vials were left on a shaking plate at 50 rpm for 3 h, 6 h, 12 h, 24 
h, and 48 h. After that, the samples were filtered under vacuum through 
a 0.22 μm mixed cellulose esters membrane filter paper (Merck Millipore 
Ltd., Ireland) to separate the precipitate. The pH of the filtrate was 
measured before the remaining calcium and phosphorous concentration 
was measured using Inductively Coupled Plasma Mass Spectroscopy 
(ICP-MS). The filter paper was air-dried, before the precipitate was 
investigated using Scanning Electron Microscopy (SEM), X-ray Diffrac-
tion Spectroscopy (XRD), Transmission Electron Microscopy (TEM), and 
S/TEM coupled with Energy Dispersive X-ray Spectroscopy (EDS). The 
precipitation was dispersed in ethanol to prepare the samples for this 
analysis and transferred to a copper grid (300 μm mesh with 25 μm grid 
and carbon film – Agar Scientific). 

2.4. TEM & S/TEM 

The precipitate was dispersed in ethanol and then put on a TEM grid 
to perform the analysis. Transmission electron microscopy was per-
formed at 200 kV and 134 μA (dark current: 95 μA) with a JEM-2100F 
machine (JEOL Ltd., Japan). Scanning transmission electron micro-
scopy analysis was performed at 300 kV with a Titan G2 60–300 ma-
chine (FEI Company, US). Two types of detectors were used to collect the 
images: HAADF (high-angle annular dark-field) and BF (bright-field). 
The S/TEM was also combined with EDS to identify material 
composition. 

2.5. SEM 

For Scanning Electron Microscopy, a SU8230 (Hitachi, Japan) was 
used at 1 kV, 10 μA, and a working distance of 4.6 mm. The images were 
acquired using a combination of secondary and back-scattering elec-
trons, and with a deceleration of the electrons. The TEM grids were put 
on the carbon tape on top of a SEM aluminium stub to carry out the 
analyses. 

2.6. ICP-MS 

An Agilent 7700 ICPMS/MS (Agilent Technologies, Santa Barbara, 
California, USA) was used to analyse Ca and P concentrations. The 
ICPMS/MS was run in He and H2 gas collision mode and no gas mode for 
analyses. All reported concentrations have been normalised to sample 
mass. The samples were analysed with 1/10 dilution with HNO3 as 
conservation fluid. Analyses were performed with two different pa-
rameters. No gas mode ICPMS/MS analysis was performed with the 
following parameters: RF Power: 1550 W, RF Matching 1.80 Hz, No Gas 
Mode, Peristaltic Pump: 0.1 rps, Makeup Gas: 0.12 ml/min, and Carrier 
Gas: 1.10 l/min. Helium gas collision mode ICPMS/MS analysis was 
performed with the following parameters: RF Power: 1550 W, RF 
Matching 1.80 Hz, Peristaltic Pump: 0.1 rps, Makeup Gas: 0.12 ml/min, 
H2 Gas: 6.00 l/min, and He Collision Gas: 5.0 ml/min. The method used 
has been based on EN ISO17294-1:2007 and EN-ISO17294-2:2016. 

2.7. XRD 

X-ray diffraction for structural analysis was carried out on an AXS D8 
Discover (Bruker) diffractometer, equipped with a LynxEye strip de-
tector and a Ge (111) focusing monochromator, providing CuKα1 (λ =
1.5406 Å) radiation. 

2.8. Statistical analysis 

For the pH and ICP-MS data, statistical analysis between the groups 

was conducted with a one-tailed Welch’s t-test. It was assumed 
normality and alpha was set as 0.05. 

3. Results 

In this study, molecular dynamics and an experimental mineralisa-
tion study have been implemented to elucidate the mechanism for which 
two proline-rich, intrinsically disordered peptides, P2 and P6, favour 
mineralisation (Fig. 1). 

3.1. Molecular simulation of peptides 

The P2 and P6 peptides have polar and hydrophobic amino acids but 
consist of a series of polar and hydrophobic amino acids (whole se-
quences in Table 1). However, some key differences are that P2 consists 
of serine (polar) amino acids. Meanwhile, P6 is composed of histidine 
(polar) and methionine (hydrophobic) amino acids. The model consisted 
of an aqueous environment with calcium phosphate ions (Fig. 1). The 
analysis revealed that both P2 & P6 peptides molecular dynamic systems 
were observed to maintain the 300 K temperature; approx. 0 atm pres-
sure and overall simulation box volume as 180,000 & 175,000 Å cubes 
with 18,050 and 17,658 total number of atoms including 5794 and 5660 
water molecules, respectively (Fig. S1). The simulation was done over a 
100 ns timespan. Considering the first and last frame, the P2 peptide was 
more stretched than the P6. Meanwhile, visual inspection of the last 
frame reveals that the P6 peptide is folding itself spontaneously faster 
than the P2 peptide via forming strong interactions with Ca2+, PO4

3− and 
OH− ions (Fig. 1A). It can be observed that the P2 folds to form intra-
molecular bonds in a stable structure. 

These observations are supported by the fact that P2 forms a higher 
number of intramolecular hydrogen bonds than P6, while P6 forms a 
higher number of intermolecular hydrogen bonds (Fig. 2A & B). In 
general, more intramolecular hydrogen bonds increase the structure 
stability, limiting the ability to interact with other micro or macromol-
ecules. Thus, the P6 peptide has more flexibility and open residues to 
interact with other micro or macromolecules. If we evaluate the energy 
levels (Fig. 2C), we can observe that P6 had a mean energy level of 
− 2540 ± 59 KCal/Mol and P2 of − 1196 ± 82 KCal/Mol, where a lower 
energy level favours thermodynamic, structural stability and chemical 
process. We can further see that both peptides have a decrease in the 
radius of gyration (RoG - Fig. 2D), which indicates that they fold. This 
folding is particularly evident for P2, which has an apparent fall from 16 
to 18 Å down to approx. 10 Å, it is then stable there for around 20 ns 
before it starts increasing and fluctuating after 40 ns. Concurrently, 
there is a jump in inter and intra-interaction for P2 (Figs. 2A & B, 3E). P6 
has a steadier change in RoG, and there are no sudden upticks in in-
teractions. If we consider the Root-Mean-Square Deviation (RMSD) of 
the peptide backbone (Fig. 2E), it can be observed that, initially, the 
RMSD value for both peptides quickly increases, suggesting much 
movement in the start-up to 30 ns. Between 30 and 40 ns, P2 has two 
prominent fluctuation peaks reaching values up to 17.9 Å before sta-
bilising. In comparison, P6 reaches a maximum RMSD of 12.9 Å, which 
is less than 75 % of the maximum RMSD observed for P2. Ultimately, P2 
stabilises at a higher RMSD value P6 (mean of 15.7 Å versus 11.8 Å, 
respectively, between 40 and 100 ns). When evaluating the RMS Fluc-
tuation (RMSF Fig. 2F), peaks around the C- and N-terminus for both 
peptides can be observed. For P2, there is also a clear peak around 
residue 11 (Serine). After the folding, residues 10–13 form a new far end 
on the P2 peptide, which can explain the fluctuation. The same is the 
case for P6, where the residues 12–14 are at the far end of the fold and 
exhibit the fluctuation peak. 

When evaluating the visual images from the simulation, it can be 
observed that through the glutamine (20th amino acid in sequence), the 
P2 peptide seems to nucleate a larger cluster of calcium phosphate ions. 
Although the P6 peptide appears to interact with more ions, it does not 
seem to nucleate large clusters like P2 did. We used Schrödinger’s 
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Desmond software to investigate the interactions between the peptides 
and the Ca2+, PO4

3− and OH− ions in detail. The analysis determined that 
22 of the residues of P2 and 19 of the P6 residues were involved in 
peptide-ligand interactions (Fig. 3A & B). For P2, this involved 7 
hydrogen bonds, 2 hydrophobic interactions, 18 water-bridging in-
teractions and 1 ionic interaction, and for P6, this involved 5 hydrogen 
bonds, 2 hydrophobic interactions, 19 water-bridging interactions and 
two ionic bonds. 

The lower panel of Fig. 3C & D interaction fraction is displayed for 
the residues. The interaction fracture measures the fraction of the 
simulation time the specific interaction is maintained. So, when one 
residue has multiple interactions of the same or different peptide-ligand 
interaction, the total interaction fraction could add up to more than 100 
%. This is the case for the Gln_8-residue of the P6 peptide, where there 
are multiple water-bridges in addition to hydrogen bonds. For P2, pri-
marily Pro_1 and Gln_20 residues have a fraction above 40 %. Further-
more, it is the Gln_20 residue that seems to nucleate the calcium 
phosphate cluster observed in Fig. 1A. Interestingly, most of the inter-
action for the Gln_20 residue appears to be water bridges and a minority 
of hydrogen bonds. 

If we evaluate the number of contacts per residue over time, we can 
observe that P6 has a higher number of total connections than P2 over 
the investigated timespan, and the contacts are more stable (Fig. 3E & 
F). This agrees with the observed trends of energy, which suggest that P6 
favours chemical interactions due to a more thermodynamically stable 
backbone. 

3.2. Mineralisation study 

The molecular dynamics were validated using a concentrated simu-
lated body fluid solution coined RMS-SBF, where solutions with 10 μg/ 
ml peptide were monitored for up to 48 h and controlled against the 
RMS-SBF without the peptides. The solution was measured for pH 
change and calcium and phosphate depletion before the mineralisation 
was characterised on a morphological and chemical level. 

Although there was a pH drop for all groups, the pH drops at 3 h, 6 h, 

and 12 h for the P6 were significantly greater than for the control group 
(Fig. 4B). P6 also had a significantly greater pH drop than P2 at the 3 h 
time point. It has been previously established that a pH drop can be used 
as a proxy to measure mineralisation [28]. ICP-MS confirms that there is 
a depletion of calcium and phosphorous for all groups (Fig. 4). After 24 
h, there can no longer be observed differences between the groups, and 
after 48 h, the control and P2 have a significantly lower pH than the P6 
group. 

SEM revealed precipitation in all groups but demonstrated differ-
ences in morphology between the groups (Fig. 5). The control group’s 
mineralisation consisted of short crystallites with a seemingly large 
cross-section. Meanwhile, the peptide groups seem to form aggregated 
flake-like mineralisation, with significantly greater length than the 
crystallites of the control group. These flakes had the ability to stack on 
top of each other, similarly to lamella bone, which was particularly 
evident for P2. P2 had shorter crystallite flakes than P6, which could 
have made the stacking easier, allowing more compact mineralisation. 
We also noticed that P2 had more individual flakes. Meanwhile, P6 
predominantly had aggregated flakes. Similar flakes were not observed 
for the control (Figs. 5A and S2). 

We further investigated the samples in TEM and took the diffraction 
patterns to understand the crystallinity of the mineralisation. Mean-
while, the control group had shorter mineralisation crystals, the pep-
tides, particularly P2, yielded longer crystals (Fig. 6A). However, all the 
diffraction patterns display clear concentric rings with similar diffrac-
tion intensity profiles, suggesting that all groups yield polycrystalline 
mineralisation. In Fig. 6B, we have plotted the rotational average 
diffraction pattern, allowing us to identify the material as apatite-based 
by comparing it to the x-ray pattern expected for a hexagonal calcium 
hydroxyapatite (Ca5[PO4]3[OH]). There was no difference observed in 
the pattern, only in intensity. We also conducted an XRD analysis of the 
mineralisation on the filter paper. Since the cellulose filter paper gave a 
reflection, the signals had to be subtracted. We could still observe clear 
peaks around 31.8◦ and 45.5◦, which are associated with the 211 and 
203 hkl indices (Fig. 6C), which can also be observed in calcium hy-
droxyapatite reference material [29]. There was no clear difference 

Fig. 1. Molecular dynamics model used for analysing the interaction between the peptides P2 and P6, and an aqueous environment enriched with Ca2+, PO4
3− , and 

OH− ions. A Still frame image of the model at the start and end of the simulation (100 ns). The red clusters are the hydroxyapatite-related ions. B illustrates the 2D 
schematic representation of the ions’ arrangement, and C illustrates these clusters as an energy-minimised 3D ball & stick representation of the arrangement of the 
ions with distance calculated in angstrom units. 
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between the groups. However, the signal was noisy due to the inter-
ference from the filter paper. 

S/TEM was used for higher resolution imaging of the samples since 
the mineralisation oriented at a nanoscale (Fig. 7). It was observed that 
the peptide groups yielded two-dimensional platelet structures through 
EDS confirmed to be calcium phosphate (Fig. 7). These flakes were also 
observable from the high-resolution SEM (Fig. 5). The structures were in 
the dimensions of a few hundred nanometres and did in some cases, 
layer itself into lamellar structures. These platelets were not observed for 
the control group, which seems to only form smaller crystallites that 
agglomerated (Fig. 7). 

In aggregates of minerals, the platelets twisted into needle-like 

structures (Fig. 8) before they got compacted into clusters. The control 
group formed wider, thicker crystallites with limited directionality. 

4. Discussion 

Peptides are becoming frequently employed as tools in tuning the 
biomedical response in bone regeneration [30]. They are readily syn-
thesised and can be highly potent inducing mineralisation by mimicking 
the central motif of naturally occurring proteins [31,32]. Benesch, Mano 
and Reis [33] have identified amelogenins, bone acidic glycoprotein 75, 
fibronectin and phosphoproteins as essential proteins in acellular min-
eralisation, and many peptides mimic the motifs of these proteins. Boda 

Fig. 2. Molecular Dynamics results for P2 and P6 in an aqueous environment enriched with Ca2+, PO4
3− , and OH− ions over 100 ns. A Number of intramolecular 

hydrogen bonds for the peptides. B Number of intermolecular hydrogen bonds for the peptides. C Energy levels over time. D Radius of Gyration for the peptides. E 
Root-Mean-Square Deviation for the peptides. F Root-Mean-Square Fluctuation for the peptide residues. 
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and colleagues [34] loaded calcium-binding BMP-2 mimicking peptide 
onto pre-mineralised PLGA-collagen-gelatine nanofibers. However, they 
could not demonstrate statistical significance compared to the pre- 
mineralised fibers without the BMP-2-peptide. Yarbrough and 

colleagues [35] investigated peptides comprising repeated sequences of 
the tripeptide aspartate-serine-serine (DSS) inspired by dentin phos-
phoprotein. For 8DSS, meaning 8 repeats of the tripeptide sequence, 
they demonstrated that the peptide efficiently attached to dentin 

Fig. 3. Molecular Dynamics results for P2 and P6 residual interaction with Ca2+, PO4
3− , and OH− ions in an aqueous environment over 100 ns. A&B Illustration of 

interaction for P2 and P6, respectively. C&D Interaction fractions for P2 and P6, respectively. E&F Heat map of the number of molecular interactions for each residual 
over time for P2 and P6, respectively. 
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surfaces and facilitated the formation of a new mineral layer on top of 
the dentin, which was facilitated by the peptide adopting its confirma-
tion to expose functional groups on both sides of the interaction plane. 
Also, Gungormus and colleagues [36] investigated peptides with high 
binding affinity to hydroxyapatite. Their peptide (HABP1) initially 
delayed mineralisation but accelerated the conversion from amorphous 
calcium phosphate to octacalcium phosphate and oriented the miner-
alisation into platelets-like structures. They believed that the peptide’s 
disordered nature allowed it to bind to hydroxyapatite and regulate new 
mineralisation efficiently. In two papers by the Goobes group [32,37], 
they demonstrated that an osteonectin inspired peptide (ON29) could 
regulate the directionality of the mineral growth into needle-like 
structures, and they confirmed, by combining computational simula-
tion with solid-state NMR, that the peptide resided between the mineral 
particles. Similarly to us, Mukherjee and colleagues [38] developed a 
synthetic peptide, P26, inspired by amelogenin. After agglomerating 
into nanospherical assemblies, they demonstrated that the peptide 
induced nucleate apatite formation and guided the formation of thin, 
lamella-like structures, conforming with the mechanics observed in our 
work. A key difference from our peptides is that their peptide is not 
proline-rich. Nevertheless, the morphology of the crystallites was com-
parable to our results, with a commonality being that theirs and our 
peptides are disordered in nature. 

It has long been theorised that IDPs are vital in mineralisation 
[39–41]. To fully illuminate the ability of two IDPs (P2 and P6) to 
nucleate calcium phosphate clusters, the interaction was first observed 
using molecular dynamics before being experimentally validated. In 
molecular dynamics simulation, an increase in RMSD of 1–3 is expected 

from the molecular structure. Meanwhile, anything more than that 
would be considered larger conformational changes. Our results show 
greater RMSD with P2 and P6 stabilising at 15.7 Å and 11.8 Å, respec-
tively (mean RMSD between 40 and 100 ns), conforming with the IDP 
characteristics. Particularly, P2 folded into a stable position, allowing 
large calcium phosphate clusters to form. P6 remained stretched out due 
to higher stability in the backbone, favouring more interaction but not 
necessarily stable mineralisation. This agrees with our pH change ob-
servations, where the pH drop is greater for P6 in the first 3 h than for 
P2. Meanwhile, they are similar after 6 h. After 24 h, there is no sig-
nificant pH difference between the control and the peptide groups, 
which can suggest that the peptides either accelerate the mineralisation 
or are related to the closed system limiting the amount of calcium 
phosphate that can precipitate. EDS confirmed the crystallites to be 
calcium phosphate. Moreover, the ICP-MS demonstrate depletion of Ca 
and P from the solution, meeting the prerequisite for intrinsic osteoin-
duction [5]. Intrinsic osteoinduction is of significant clinical relevance 
as it can improve the regeneration of large bone defects or for bone 
formation in ectopic locations such as during spinal fusion, whereas 
osteoconduction alone provides too slow regeneration. 

Our results also demonstrated that the peptides accelerated miner-
alisation and regulated the crystal growth, agreeing with former litera-
ture on IDPs. Elsharkawy and colleagues [42] demonstrated that elastin- 
like recombinases (ELRs) could promote mineralisation with unprece-
dented control and hierarchy. The disordered nature of ELRs triggers the 
formation of an organised organic framework that can template the 
growth of hydroxyapatite crystals. Tarasevich and colleagues [28] found 
that recombinant amelogenin promoted more nucleation of calcium 

Fig. 4. A Schematic representation of the experimental set-up for the mineralisation study. B pH changes in the RMS SBF with time for the different sample groups. n 
= 5, mean ± SD. C ICP-MS results for calcium (left) and phosphate (right) content in the RMS-SBF solution. n = 3, mean ± SD. 
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phosphate compared to control without the proteins through reduced 
induction time for nucleation. They suggested the mechanism associ-
ating amelogenins with nanotemplates, exposing charged functionality 
on the surface. This agrees with what we observed for P2, which has a 
high number of intra‑hydrogen bonds and folds into a stable position 
before it nucleates the calcium phosphate cluster through a water bridge 
with the polar glutamine (residue 20). It is also established that ame-
logenins provide a directional bias in the crystal growth [43], which can 
be a similar phenomenon we observed in the peptide groups using S/ 
TEM, where both peptides yielded platelets of minerals. 

Previous in vivo studies suggest that P2 can particularly accelerate 
bone formation [26], agreeing with our observations in our molecular 
dynamics, where P2 nucleates a larger cluster of calcium phosphate ions. 
In the animal-model studies, significantly greater formation of miner-
alised bone was observed only for the P2 enriched bone graft; mean-
while, in this present study, our experimental results suggest greater 
mineralisation for P6 initially. First, after 48 h, higher mineralisation for 
P2 is observed than for P6. An explanation can be related to the fact that 
we used a concentrated SBF solution including only calcium phosphate- 
related ions. In a biological system, P6 would interact with a series of 

other macromolecules, which can alter the mineralisation rate. More-
over, RMS-SBF is deprived of precipitation inhibitors such as Mg2+ or 
CO3

2− , and it is 1.5 times more concentrated than the SBF standard 
composition [44]. This provides a minor bias in this work and can 
explain why there is a significant mineralisation for both P6 and the 
control group, not only for P2. 

In molecular dynamics simulations, multiple variables can affect the 
outcome. We chose the force field OPLS-2005 with the water model 
TIP3P as it is an established and realistic model. However, it is argued 
that this combination can overestimate the folding stability of IDPs, 
which is why Yang et al. [45] developed the OPLSIDPTFF force field by 
introducing a 2D grid-based energy correction map (CMAP) to the OPLS- 
AA/L force field. Combining this new force field with the water model 
TIP4P-D demonstrated a clearly improved ability to replicate experi-
mental observation. However, the effect was limited without the change 
in the water model. Also, Yu and colleagues [46] obtained refined 
modelling of IDPs with the TIP4P-D water model instead of the TIP3P 
model. However, in the investigation by Rahmati [26], she compared 
the P2 and P6 peptides being simulated under either OPLS-AA/L-TIP3P 
conditions or under OPLSIDPTFF-TIP4P-D + PBS conditions. Using the 

Fig. 5. A SEM images of control, P2, and P6 (left to right) at a magnitude of ×40k (top panel) and ×80K bottom panel after 12 h. Scale bars: Top = 1 μm, bottom =
500 nm. B SEM images of flake-like crystallites forming in the peptide groups were observed. Scale bar: 200 nm. 

Ø. Øvrebø et al.                                                                                                                                                                                                                                 



Biomaterials Advances 159 (2024) 213801

9

new force field and TIP4P, the simulation window had to be extended 
ten-fold, significantly increasing the computational cost, and the Ram-
achandran plot with MolProbity shows multiple outliers for P6, sug-
gesting unstable simulation results. Moreover, we still observe 
consensus between our molecular dynamics simulation and experi-
mental validation while using the conventional force field and water 
model. 

5. Conclusion 

We have used molecular dynamics and experimental methods to 
understand how two proline-rich IDPs (P2 and P6) induced minerali-
sation. The new biomineralisation model presented by Maazouz and 
colleagues agrees with our in silico molecular dynamics. Our findings 
also align with Rahmati and colleagues’ animal study, demonstrating 
that in silico modelling combined with SBF studies is a powerful tool for 
biomaterial research. This suggests that other candidates, such as pep-
tides or ions intended to enhance biomineralisation, can be efficiently 
studied on the lab bench before expensive animal model studies, also in 
line with the 3R principle [47]. In our experiments, the peptides adapted 
to the ion-rich surroundings to facilitate the nucleation of calcium 
phosphate crystals, which translates to accelerated mineralisation. 

Mainly, P2 seemed to fold into a stable structure that provided a tem-
plate for anchoring a large cluster of calcium phosphate. In the experi-
mental model, we observed that the peptide groups depleted the local 
surroundings for calcium and phosphorous ions significantly quicker 
than the control group, suggesting accelerated mineralisation. More-
over, this is a prerequisite for intrinsic osteoinduction. When evaluating 
the mineralisation, it was observed that the peptides provided thin 
platelet mineralisation that, in clusters twisted itself into needle-like 
structures or stacked into lamellar structures, indicating that the pep-
tides regulate the growth of minerals. Meanwhile, the control group 
yielded thicker mineral clusters. The flakes are also favourable for 
remodelling into native human bone. Based on the results presented in 
this work, we have concluded that the peptides accelerate and regulate 
mineralisation and can induce intrinsic osteoinduction if integrated into 
therapies for bone regeneration. 
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