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Biomimetic supramolecular protein matrix
restores structure and properties of human
dental enamel
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Tooth enamel is characterised by an intricate hierarchical organization of
apatite nanocrystals that bestows high stiffness, hardness, and fracture
toughness. However, enamel does not possess the ability to regenerate, and
achieving the artificial restoration of its microstructure and mechanical
properties in clinical settings has proven challenging. To tackle this issue, we
engineer a tuneable and resilient supramolecular matrix based on elastin-like
recombinamers (ELRs) that imitates the structure and function of the enamel-
developing matrix. When applied as a coating on the surface of teeth exhi-
biting different levels of erosion, the matrix is stable and can trigger epitaxial
growth of apatite nanocrystals, recreating the microarchitecture of the dif-
ferent anatomical regions of enamel and restoring the mechanical properties.
The study demonstrates the translational potential of our mineralising tech-
nology for treating loss of enamel in clinical settings such as the treatment of
enamel erosion and dental hypersensitivity.

Formation of dental enamel, the hardest and most mineralised tissue
of vertebrates1, relies on the 3D assembly and organisation of the
protein amelogenin2. During development, this protein transforms
from a disordered conformation to ordered β-rich fibrillar structures3,
nucleating and epitaxially growing hierarchically organised apatite
nanocrystals4,5. This process results in a highly structured enamel tis-
sue that protects teeth throughout life by providing strength and anti-
abrasive properties against physical, chemical, and thermal insults6.
However, irreversible enamel loss due to mechanical wear, trauma, or
erosion from acidic foods or fermentation by-products from bacteria
can lead to carious lesions and ultimately tooth loss7. These oral pro-
blems affect nearly half of the global population at an annual cost of
~ US$544 billion8.

The properties of enamel result from its composition and
structure1. Carbonated hydroxyapatite (CHAp) nanocrystals of ~ 50nm
in diameter and micrometres in length are the building blocks of
dental enamel. They are aligned, densely packed, and organised in
specific configurations in different anatomical regions. The outermost
aprismatic enamel layer in permanent teeth is ∼ 16–45μm thick and
composed of aligned apatite nanocrystals with their c-axis perpendi-
cular to the tooth surface9. Subjacent to this, prismatic enamel com-
prises nanocrystals organised into ~ 4–8μm thick prisms10, which are
delineated by inter-prismatic crystallites aligned at a ~ 60° angle to the
prism axis1. Here, undulating trajectories of prisms create decussation
patterns known as Hunter-Schreger bands, forming longitudinal
(parazone) and transverse (diazone) bundles11,12. The stiffness of
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enamel, expressed as Young’s modulus (E), allows small deformations
under high forces (e.g., during mastication) while its hardness (H)
enables it to resist localised plastic deformation due to indentation or
scratching (e.g., during teeth grinding)13. The wear strength of enamel
protects teeth from chemical erosion (e.g., from extrinsic or intrinsic
acids), abrasion (e.g., toothbrushing), or attrition (e.g., tooth-on-tooth
contact), while its toughness allows it to tolerate fracture without
falling apart. The combination of all these properties allows enamel to
withstand thousands of chewing cycles per hour14, biting forces of up
to 770N, and decades of exposure to harsh oral environments1.

The recreation of dental enamel hasbeen amajor goal inmaterials
science15. Methods based on acidic16, hydrothermal17, and high-power
laser18 treatments have enabled the ambient deposition ofmineral, but
without the capacity to recreate the architecture and function of
healthy enamel. Recently, several enamel analogues comprising
organic-inorganic nanocomposites such as polyacrylic acid-zinc oxide
nanowires19 and polyvinyl alcohol-HAp nanowires20 have been repor-
ted to generate functional hierarchical architectures. However, these
technologies rely on non-physiological fabrication conditions, which
restrict their applicability in clinical settings21.

To address the clinical need, bioinspired approaches offer pro-
mising alternatives to regrowdifferent anatomical regions of enamel22.
For instance, Moradian-Oldak and colleagues have developed
amelogenin-based scaffolds capable of growing layers of aprismatic
enamel-like structures ex vivo9. Other approaches based on phase-
transited lysozyme films with amelogenin-like peptides23, amelogenin-
derived shortened ADP5 (shADP5) oligopeptide24, modified leucine-
rich amelogenin peptide (mLRAP)25, phosphorylated and phospho-
nated peptides26, or triethylamine stabilised calcium phosphate ions27

have reported remineralisation of prismatic enamel. However, these
strategies suffer from drawbacks that restrict their clinical translation
such as having toxic and noxious components (e.g., triethylamine27),
time-consuming application processes (e.g., 30min23, 15min27, 12 h26,
10min/day28), partial recovery of architecture and functional proper-
ties (e.g., aprismatic enamel9, prismatic enamel23,25–27), and limited
control of the mineralisation process. Thus, remineralising technolo-
gies that recreate the diverse architecture and spectrum of functional
properties of dental enamel in a patient and clinically-friendly manner
remain an unmet challenge.

In this study, we report on the design and performance of a
clinically-friendly supramolecular protein matrix using disordered
elastin-like recombinamer (ELR) molecules to emulate key structural
and functional features of the β-rich fibrillar amelogeninmatrix driving
epitaxial and hierarchicalmineralisation in dental enamel.We use both
computational and experimental work to describe the matrix design
and demonstrate the epitaxial growth of mineralised layers up to
10μm thick from the surface of teeth exhibiting different levels of
erosion down to bare exposed dentine ex vivo. The matrix is highly
stable and able to regrow all the anatomical features of enamel,
including prismatic, interprismatic, and aprismatic regions, while
restoring tissue stiffness, hardness, toughness, coefficient of friction,
wear strength, and stability to extensive abrasion from toothbrushing,
chewing and grinding, and exposure to acidic solutions.

Results and discussion
Rationale for the design of the mineralising ELR matrix to
emulate enamel development
Recent studies have shown that intrinsically disordered amelogenin
molecules assemble into functional β-rich fibrillar structures via
intermolecular interactions in the presence of Ca2+ ions29,30. These
structures nucleate and grow apatite nanocrystals in vitro and during
enamel development4,5. We have demonstrated the capacity to grow
organisedmineralised structuresbymodulating the levels of order and
disorder of an intrinsically disordered elastin-like recombinamer (ELR)
consisting of hydrophobic (VPGIG), hydrophilic (VPGKG), and acidic

statherin (DDDEEKFLRRIGRFG) motifs31. We hypothesised that the
disordered nature of the ELR molecules can be harnessed to generate
supramolecular ELR ensembles that imitate structural and functional
characteristics of the amelogenin matrix2–4. By generating these
amelogenin-like β-rich supramolecular assemblies over enamel or
dentine, it may be possible to facilitate epitaxial, integrated, and
hierarchical enamel-like mineralisation from dental tissues. Thus, we
combined Ca2+ ions with ELR molecules, which are reported to pro-
mote β-sheet conformation in proteins32 and peptides33 via ion bridge
formation. We also used drying as a mechanism to induce molecular
order through molecular crowding, as previously reported34,35. We
reasoned that the incorporation of Ca2+ ions and drying of the ELR
solution can together be used to promote β-rich fibrillar ELR struc-
tures, which we refer to as ‘ELR fibrils’. Furthermore, the incorporated
Ca2+ ions would also serve as nucleating points to facilitate miner-
alisation. In addition, given the capacity of the ELR matrix to create a
confined environment for mineral nucleation and growth31, we envi-
sage that the thickness of the ELR layer applied to dental tissue can
spatially regulate the resulting mineral layer thickness in situ. To fur-
ther support clinical translation, the choice of components in the
formulation has been guided by considerations of rapid application,
ease of use, and overall practicality in a clinical setting.

Supramolecular assembly of the mineralising ELR matrix
We placed a drop of 1% w/v ELR solution without or with 1.5mM Ca2+

ions on either scanning electron microscope (SEM) stubs or trans-
mission electron microscope (TEM) grids and allowed them to dry at
room temperature (25 °C). SEMandTEM imaging revealed that the ELR
molecules assembled into ELR fibrils only in the presence of Ca2+ ions
(Fig. 1a, Supplementary Fig. 1 and Supplementary Discussion 1). These
fibrils ranged between 15–40nm in width and several micrometres in
length, which corresponds to the classical fibrillar geometry36. Pre-
sence of Ca2+ ions within these fibrils was confirmed by X-ray photo-
electron spectroscopy (XPS) while weak electrostatic interactions
between Ca2+ ions and ELR molecules were confirmed by isothermal
titration calorimetry (ITC) and UV-Vis (Supplementary Fig. 2). Fur-
thermore, we demonstrate the possibility to use Ca2+ ions and cross-
linking during matrix fabrication to engineer ELR matrices with
tuneable levels of ordered β-conformations, fibril structures (Supple-
mentary Discussion 2, 3; Supplementary Figs. 3–6), and number of
potential nucleation points for mineralisation (Supplementary Fig. 7).
These results demonstrate the synergistic role of Ca2+ ions, cross-
linking, and solvent evaporation in forming ELR fibrils, while generat-
ing a tuneable matrix with Ca-rich nucleating sites for mineralisation.

Structural characterisation of the ELR fibrils
Wide-angle X-ray scattering (WAXS) analysis on the ELR fibrils revealed
a sharp peak at Q = 1.3 Å−1 corresponding to a periodic β-strand
separation dβ = 4.7 Å perpendicular to the fibril axis and a broader
hump at Q=0.6 Å−1 corresponding to a characteristic inter-sheet
packing distance of 10Å in a two-dimensional (2D) crystalline lattice
(Fig. 1b)37. This is a typical cross-β diffraction pattern observed in
several peptides and proteins that exhibit fibrillar structures37. Fur-
thermore, the 4.7Å β-strand separation corresponds to stacks of
hydrogen-bonded β-sheets in folded protein structures37,38 and is
similar to the structural motifs found in both the protein matrix of
developing human enamel39 and amelogenin ensembles formed in
vitro40. Peak at Q = 1.04 Å⁻¹ can be attributed to interactions between
α-helices41 while peaks at Q = 1.07, 1.49, 1.72, and 2.0 Å⁻¹ (Fig. 1b) align
with the (001), (111), (112), and (211) Miller indices of CaCl2 suggesting
peaks arising from CaCl2 crystallisation (Supplementary Fig. 8c). In
addition, FTIR analysis revealed the presence of antiparallel β-sheets
(Fig. 1c)42, which are also comparable to those in the enamel-
developing amelogenin matrix3,5. On the other hand, small-angle X-
ray scattering (SAXS) analysis showed a low Q-decay of 4.1,
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Fig. 1 | ELR fibril formation and mineralisation capacity. a SEM micrograph of
ELR fibrils formed after drying a drop of 1% w/v ELR solution (in DMF/DMSO at 9/1
ratio) containing 1.5mM Ca2+ ions. Representative micrograph from n = 5 inde-
pendent experiments. b WAXS data of ELR fibrils show reflections at Q = 1.34 and
0.6 Å−1 which correspond to 4.7 and 10Å, respectively. The inset shows a 1030 pixel
wide WAXS detector image with the beam position slightly off-centred due to its
setup. The inset shows aWAXS detector image of dried ELR fibrils. cDeconvoluted
FTIR spectra (1600 to 1700cm−1) showing the antiparallel arrangement of the
β-sheet. d (i) Computational model depicting self-assembly of ELR molecules in
the presence of Ca2+ ions, 30 equilibrated ELR molecules (β-sheet secondary
structure with coiled secondary structure for the statherin motif ) were inserted
into a 16 x 16 x 30nm aqueous rectangular cuboid box and equilibrated with a
0.2M concentration of Ca2+ ions. (ii) RDF plot of statherin – Ca2+ and VPGKG – Cl1-

interactions with statherin shown in red, Ca+2 ions shown in greenwithin and at the
surface of the protein aggregate, other protein residues are shown in transparent

yellow. (iii) Aggregation of 6 individually coloured protofilaments, each containing
30 ELR proteins. The system starts at an evenly distributed collection of filaments
that, over time, aggregate along a line. e Schematic illustration of the proposed
model showing the supramolecular organisation of the ELR molecules within ELR
fibrils. Each ELR fibril (blue layer) is ~300Å in thickness and comprises of 6 indi-
vidual filaments (grey sticks) measuring 48.7 Å thick each. f Schematic illustration
and their corresponding TEM images showing the formation and mineralisation of
the ELR matrix. (i) a 2μL drop of 5% w/v ELR solution containing 1.5mM Ca2+ ions
and hexamethylene diisocyanate (HDI, 0.56% v/v) crosslinker was casted on a TEM
grid and dried to form a crosslinked matrix of ELR fibrils. (ii) Formation of amor-
phous calcium phosphate (ACP, blue arrows) phase at 2 h of incubation in miner-
alisation solution containing 10mM Ca2+, 6mM PO4

3-, and 2mMF- ions. (iii)
Transformation of ACP into apatite nanocrystals (white arrows) after 24 h of
mineralisation. Schematic illustrations in (e, f) were prepared by scientific illus-
trator Leonora Martínez Nuñez.
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characteristic of a large surface fractal nanostructure with smooth
surfaces (Supplementary Fig. 8a), which correlates with SEM obser-
vations (Fig. 1a) depicting a network of smooth fibrils. A small broad
peak at Q = 0.129 Å−1 (Supplementary Fig. 8a) corresponding to a
d-spacing of 48.7Å was attributed to the width of an individual
filament43, which undergoes periodic stacking to form ELR fibrils
similar to those reported for β-rich fibrillar structures43. Interestingly,
48 Å wide filaments arranged parallel to each other have been
observed in embryonic bovine enamel matrix44, which are structurally
similar to the 48.7 Å wide filaments of our ELR fibrils. These results
demonstrate the capacity of the ELR matrix to form cross-β fibrillar
structures exhibiting similar supramolecular organisation and dimen-
sions as those found in the amelogenin-rich enamel matrix.

Coarse-grained simulation of the formation of ELR fibrils
To better understand the underlying matrix assembly mechanism, we
performed simulations of the ELR molecules using the MARTINI (v3)
forcefield. Thirty ELR molecules were equilibrated in water with Ca2+

ions and self-assembled into an elongated filament with VPGIG form-
ing the core of the structure and VPGKG and statherin largely localised
at the surface (Fig. 1d (i)). We only observed filament formation in the
presenceCa2+ ions (Supplementary Fig. 9), which is consistent with the
experimental SEM results (Fig. 1a). Furthermore, measurement of
radial distribution function (RDF) confirmed interactions betweenCa2+

ions and statherin regions of single filaments as well as ELR aggregates
of 6 filaments, where Ca2+ ions interacted with their surface and
absorbed into their internal structure (Fig. 1d (ii)). On the other hand,
interactions between the counter ion (Cl1-) and VPGKGmotifs were not
observed (Fig. 1d (ii)). In addition, we investigated the aggregation of
these filaments to form the fibril structure by inserting 6 filaments into
a box with water between them and equilibrated. These filaments
aggregated parallel to each other (Fig. 1d (iii)) and in concordancewith
experimental observations, displayed a width of 51.6 Å/filament.
Interestingly, increasing the number of filaments to 8 did not lead to
assembly along a single plane. These results confirmed the role of Ca2+

ions in facilitating ELR assembly into filaments, which are in turn
assembled into the fibrillar structure.

ELR fibril formation model
Based on experimental and simulation results, we propose amodel for
the molecular packing of the ELR fibrils (Fig. 1e). FromWAXS data, we
assigned the 10Å to the inter-sheet packing distance and 4.7 Å to the
periodic β-strand separation along the fibril axis37,38, while SAXS data
was used to assign the 48.7 Å to the individual filament width43. Fur-
thermore, from the simulations, the hydrophobic VPGIGmotifs would
aggregate at the core of the filament, while charged VPGKG and sta-
therin motifs would localise in the outer layers of each filament. In
addition, V and G residues would promote ordered β-conformation45

and the negatively charged regions (statherin) would interact elec-
trostatically with Ca2+ ions during the formation of the ELR fibrils
(Fig. 1e). This arrangement of hydrophobic and charged motifs is in
agreement with peptide-based fibrillar models3,46. Furthermore, given
the average fibril width of ~ 300Å (Fig. 1a) and individual filament
width of 48.7Å, we conclude that an average ELR fibril consists of ~ 6
filaments. These results demonstrate the potential to use our miner-
alising technology to recreate structural features of the natural ame-
logenin matrix with high precision and reproducibility.

Mineralisation of the ELR fibrils
Given the key roleofβ-richfibrillar structures in enamel development4,
we then investigated the mineralisation capacity of our ELR matrix.
First, a drop of 5% w/v ELR solution containing 1.5mM Ca2+ ions and
0.56% v/v hexamethylene diisocyanate (HDI) crosslinker was casted
and dried on a TEM grid to form a 50 –100 nm thick ELR coating. TEM
imaging confirmed the presence of ELR fibrils within the coating

(Fig. 1f, (i)). Upon exposure to amineralisation solution supersaturated
with respect to fluorapatite31, ELR fibrils templated the formation of
~ 20–40 nm thick needle-like amorphous mineral platelets were
observed within the ELR matrix at 2 h (Fig. 1f, (ii)), which evolved into
highly crystalline fluorapatite nanocrystals after 24 h (Fig. 1f, (iii),
Supplementary Fig. 10). These nanocrystals were ~ 50 nm in diameter,
~ 1μm in length, and aligned along the direction of the ELR fibrils.
These geometrical characteristics are similar to those growing within
the amelogenin-richmatrix during enamel development4,5, as well as in
systems involving amelogenin peptide47 and other protein-templated
mineralisation31.

ELR matrix-guided preferential crystal growth along the c-axis
During early enamel development, the amelogenin matrix stabilises
and fuses prenucleation clusters via a non-classical crystallisation
process, guiding the growth of apatite nanocrystals preferentially
along the c-axis4,47. Thus, we focussed on assessing the capacity of the
ELRmatrix to preferentially control the direction of crystal growth. To
do this, we embedded commercially available HAp nanocrystals within
the ELR matrix deposited on the TEM grid. After 24h in the miner-
alisation solution, precursor amorphous mineral was observed, which
may arise by the fusion of prenucleation clusters along the c-axis of
the existing nanocrystals (Fig. 2a, blue square), as previously
reported47,48. This amorphous mineral undergoes transformation
into crystalline structures with identical orientation (Fig. 2a, yellow
square), as seen in classical amorphous-to-crystalline transitions dur-
ing apatite formation27,49. These results demonstrate the capacity of
our supramolecular ELR matrix to facilitate the oriented, integrated,
and anisotropic growth of the existing crystals, reminiscent of the
mineralisation mechanism observed during amelogenesis4,5. In addi-
tion, these results were complemented with umbrella sampling simu-
lations, which revealed that more energy is required to remove ELR
fragments bound on the a-axis than the c-axis of the apatite nano-
crystal (Supplementary Fig. 11), as reported previously for a small 12-
mer amelogenin sequence50, thus energetically favouring crystal
growth along the c-axis. In contrast, nanocrystals mineralised without
an ELR matrix exhibited irregular growth due to the fusion of amor-
phous mineral along all the crystal axes (Supplementary Fig. 12).
Overall, these results confirmed the role of the ELR matrix in directing
epitaxial crystal growth preferentially along the c-axis.

Remineralization of enamel and dentine
An ideal enamel regenerative technology would enable remineralisa-
tion of the different architectures of the natural tissue (Fig. 2b) and the
recovery of its functional properties. Towards this goal, we first
assessed the capacity of the ELR matrix to regrow aprismatic enamel.
We drop cast 10μL of 5%w/v ELR solution containing 1.5mMCa2+ ions
and 0.56% v/v HDI on a 2mmx4mm area of acid-etched aprismatic
enamel to form a ~ 10μm thick ELR coating as observed under SEM
(Fig. 2c and Supplementary Fig. 14c) and exposed it to the miner-
alisation solution supersaturated with respect to fluorapatite31 for 10
days. The ELR matrix induced epitaxial growth of apatite nanocrystals
from the enamel-ELR interface through the ELR matrix, forming an
integrated and organised mineral layer (Fig. 2d and Supplementary
Discussion 4). This layer comprised ~ 50nmdiameter nanocrystals that
were several microns in length and exhibited the typical hexagonal
apatite morphology (Fig. 2d inset) of native enamel. Then, to assess
remineralization of prismatic enamel (Fig. 2e), we similarly deposited
a ~ 2μmthick ELR coating on acid-etched prismatic enamel (Fig. 2f and
Supplementary Fig. 14a) and repeated the 10-day mineralisation pro-
cess, which triggered the epitaxial growth of similar nanocrystals but
now maintaining the distinctive prismatic and inter-prismatic archi-
tectures (Fig. 2g). Finally, to test the remineralizing potential of the ELR
matrix on teethwith completely eroded enamel (Fig. 2h), wedeposited
a ~ 5 μm thick ELR coating on acid-etched dentine, repeated the
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mineralisation process, and again observed the epitaxial growth of
apatite nanocrystals. In this case, the remineralized layer resembled
the architecture of aprismatic enamel but now growing from
the dentine surface (Fig. 2i). In all three cases, similar results were
obtained using artificial saliva (1.2mMCa2+, 0.72mMPO4

3−) containing
1 ppm F1− ions to imitate physiological conditions (Supplementary
Fig. 15).Weused 1 ppmof F1− concentration in artificial saliva,whichhas
been reported to be the average amount present in natural saliva
ranging between 0.02 ppm to 1.93 ppm51. We have conducted
experiments using three different thicknesses of the ELR coating to
demonstrate (i) the tuneability of our process to deposit coatings of

specific thicknesses (Supplementary Fig. 14) and (ii) that nanocrystal
growth is defined by the ELR coating, generating amineralised layer of
equal thickness to the ELR coating (Supplementary Figs. 16, 17). In
contrast, tissue sections without ELR coating developed misoriented
crystals (Supplementary Fig. 18) commonly found in mineralisation
processes without organic matrices52.

These results suggest that our technology could potentially
provide a one-pot solution for the regeneration of dental enamel
independently of the level of tooth erosion. To the best of our
knowledge, this capacity to regenerate enamel from different ana-
tomical regions of teeth expanding from aprismatic enamel,
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prismatic enamel, and exposed dentine has not been achieved
before. Here, we define regeneration as the capacity to recreate the
architecture of the different anatomical regions of enamel and
regain its functional properties. Thus, given the potential clinical
implications of such a versatile regenerative technology, we then
performed in depth investigations of the remineralisation from each
of these anatomical regions.

Regeneration of prismatic enamel
We fabricated a uniform ~2 μm thick ELR coating on an acid-etched
prismatic enamel (Fig. 3a, b and Supplementary Fig. 19). Upon
mineralisation, the ELR coating induced the epitaxial growth of
apatite nanocrystals from the enamel-ELR interface through the ELR
matrix (Fig. 3c and Supplementary Fig. 20), recovering the native
architecture of both diazone (Fig. 3d and Supplementary Fig. 21) and
parazone (Fig. 3e and Supplementary Figs. 22, 23) prisms as well as
inter-prismatic regions (Fig. 3d, e). Similarly, a 5 μm thick ELR
coating on prismatic and aprismatic regions of enamel triggered the
uniform growth of a ~ 5 µm thick mineral layer over large and uneven
areas, recreating the microstructure of both enamel anatomies
(Supplementary Fig. 15). While the ELR matrix slowly degrades
during the mineralisation process, it remains stable and functional
during the enamel remineralization process (Supplementary Fig. 24
and Supplementary Discussion 5). To expedite this ELR degradation
process and expose the underlying remineralised layer, we treated
the samples with elastase after the remineralisation process was
completed (Fig. 3d, e and Supplementary Figs. 21–23). Nanoinden-
tation andmicrotribological tests were then conducted to assess the
capacity of this remineralised enamel to restore key mechanical
properties of the native tissue, including Young’s modulus (E),
hardness (H), coefficient of friction (CoF), and specific wear rate
(SWR). As expected, acid-etched enamel displayed dramatically
lower E (36.9 ± 14.3 GPa) and H (1.1 ± 0.6 GPa) compared to E
(80.7 ± 18.3 GPa) and H (3.4 ± 0.9 GPa) of native enamel (Fig. 3f). This
effect results from surface and sub-surface porosities created by the
acid treatment that lead to micro-cracking53 and lower mechanical
properties54. However, both E (76.3 ± 18.7 GPa) and H (3.1 ± 0.8 GPa)
were regained after remineralisation.

Furthermore, wemeasured CoF and SWR, which together provide
an assessment of wear resistance properties55. Acid-etched enamel
displayed higher CoF (0.38 ± 0.04) and SWR (4.15 x 10−3 ± 4.26 x 10−4

mm3/Nm) than native enamel (CoF =0.25 ± 0.05; SWR= 1.49 x 10−3

± 2.95 x 10−4mm3/Nm) (Fig. 3g and Supplementary Fig. 25a) due to
disrupted nanocrystals generating more contact area56. However,
upon remineralisation, CoF (0.29 ± 0.03) and SWR (1.68 x 10−3 ±
1.96 x 10−4mm3/Nm) were again lowered due to recovery of the tissue
structure, which is significantly lower than previously reported23. We
also calculatedwear strength (WS), which is the ratio betweenCoF and
SWR and provides a measure of resistance to fatigue failure (Supple-
mentary Fig. 25b). WS also recovered after remineralization from
91.6 ± 0.23GPa to 171.3 ± 3.8GPa (Fig. 3h). This value was significantly
higher than that of native enamel (153.9 ± 3.2 GPa), suggesting superior
fatigue resistance properties compared to native enamel. This
enhanced behaviour may arise from the more densely packed apatite
nanocrystals in remineralised enamel (Supplementary Fig. 26). These
results demonstrate that our ELR matrix triggers epitaxial, organised,
and hierarchical growth of apatite nanocrystals, recreating the archi-
tecture of all of the prismatic enamel and restoring keymechanical and
microtribological properties.

Confirmation of the epitaxial remineralization
To assess the crystallographic integration of the newly grown nano-
crystals to the underlying native tissue, milled ultrathin sections from
remineralised diazone and parazone prisms were cut via a focused ion
beam (FIB) and analysed using TEM. Scanning TEM (STEM) and TEM

images from remineralised diazone prisms (Fig. 4a, b) depicted new
nanocrystals with their c-axis growing and extending from the c-axis of
the underlying native nanocrystals. Selected area electron diffraction
(SAED) patterns confirmed this crystallographic alignment (Fig. 4a
insets). TEM image in Fig. 4b shows that the new nanocrystals extend
from the native tissue, while high-resolution TEM (HRTEM) imaging at
the interface revealed an indistinguishable boundary between them
(Fig. 4c), verifying crystallographic integration via epitaxial
remineralization27. To further visualise the interface between new and
native nanocrystals in diazone prisms, we carefully enzymatically
degraded the ELRmatrix from the top, leaving only the very bottom to
serve as the point of transition between new and native nanocrystals.
At this point, highmagnificationSEM imaging (Fig. 4d) distinctly shows
new nanocrystals nucleating and extending from underlying native
nanocrystals along the c-axis, complementing the TEM results
(Fig. 4a–c). Similarly, FIB sections prepared from remineralised para-
zoneprismswere analysed under TEM (Fig. 4e). EDXmapping revealed
a distinct fluorine (F) signal arising from the newly grown fluorapatite
crystals (Fig. 4e–g and Supplementary Fig. 27a) while no F signal was
detected in the native enamel nanocrystals, thus differentiating the
interface between the native and remineralised regions. In addition,
high magnification TEM and SAED analyses at the interface also
revealed the epitaxial growth of new nanocrystals extending from the
end of the c-axis of native nanocrystals (Fig. 4h), exhibiting no distin-
guishable boundary between them (Fig. 4i). Interestingly, in this
parazone region, we also observed bundles of new nanocrystals
nucleating on the a-axis of the native nanocrystals while growing along
their c-axis (Fig. 4j and Supplementary Fig. 28) following their crys-
tallographic orientation (Fig. 4j insets). Furthermore, energy-
dispersive X-ray spectroscopy (EDX), FTIR, and X-ray diffraction
(XRD) analyses indicate that the remineralised enamel exhibits a
similar chemical composition as native enamel (Supplementary Dis-
cussion3, 7, Supplementary Figs. 29, 30).Overall, these results confirm
the role of the ELR matrix in mediating epitaxial growth from all the
different anatomical regions of enamel, further supporting the possi-
bility that it may recreate mineralising features of enamel
development4.

Confirmation of crystallographic integration with collagen
fibrils on the dentine surface
We then investigated the potential of the ELR matrix to regrow an
enamel-like layer from completely exposed dentine. We infer that the
ELR matrix would penetrate the interwoven network of mineralised
collagen fibrils (MCFs) and epitaxially grow apatite nanocrystals from
it, as in the native dentine-enamel junction (DEJ) (Fig. 5a)57,58. Todo this,
a ~ 2μm thick ELR coating was deposited on an acid-etched exposed
dentine surface and mineralised for 10 days using solution super-
saturated with respect to fluorapatite (Fig. 5b). SEM examination
revealed the growth of apatite nanocrystals from the dentine-ELR
interface through the ELR matrix, forming an organised mineral layer
that was structurally similar to aprismatic enamel (Fig. 5c and Sup-
plementary Fig. 31). Furthermore, TEM (Fig. 5d), EDX (Supplementary
Fig. 32), and HRTEM (Fig. 5e, (i), (ii), (iii)) images of FIB sections
revealed apatite nanocrystals growing from the dentine surface.
Nanocrystals (~ 50nm thick) nucleate and extend fromMCFs via lattice
continuity (Fig. 5e, (i), (ii)), where eachMCF has been reported to be a
bundle of 5 - 10 nm thick sub-fibrils59. A similar extension of enamel
crystals from dentine MCFs has been observed during early
amelogenesis57,58. While these results are in agreement with reports
identifying an epitaxially integrated DEJ57,58,60, it is important to men-
tion that others have reported a lack of epitaxy between dentine and
enamel61,62. Nonetheless, at this new mineralised layer-dentine junc-
tion, collagen fibrils that are organised orthogonal to the dentine
cross-section63 were observed to change direction and orient parallel
to the mineralising nanocrystals (Fig. 5e, (i), (ii)). This reorientation
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imitates the structuralorientationof theMCFs at theDEJ60,64 and shines
light on the mineralising mechanisms thatmay take place during early
enamel development. These results demonstrate the capacity of our
ELR matrix to grow an aprismatic enamel-like layer from exposed
dentine while generating a similar architecture to that of the DEJ
observed in early amelogenesis, which to the best of our knowledge
has not been achieved before.

Mechanical and microtribological characterisation of miner-
alised dentine
The new aprismatic enamel-like layer exhibited comparable E
(58.3 ± 16.7 GPa) andH (1.4 ± 0.3 GPa) to native enamel (E = 50 - 90GPa,
H = 2.5 - 4GPa) (Fig. 5f)9,10. The lowerHvalue for the remineralised layer
compared to native enamel is attributed to the difference in the
orientation of the nanocrystals on native enamel and on remineralised
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dentine, as explained in Supplementary Discussion 8. In addition, CoF
(0.29 ±0.07) andWS (119.1 ± 24.3GPa) were also comparable to native
enamel (CoF = 0.1–0.4, WS = 153.9 ± 3.2 GPa) (Fig. 5g, h)65, indicating
similar microtribological properties. Overall, the results demonstrate
the capacity of our ELR matrix to grow an integrated aprismatic
enamel-like layer over exposed dentine.

Translation: toothbrushing, chewing and grinding, fracture
toughness, and acid attack
To assess the potential clinical applicability of our mineralising tech-
nology, we explored the stability of the remineralised layer under
conditions that emulate daily physical and chemical insults to enamel.

First, evaluating the effects of abrasion from routine toothbrushing,we
exposed 1mm thick sections of prismatic enamel to continuous
brushing for 60minutes using an electric toothbrush (Fig. 6a) to
simulate toothbrushing for about one year, using a reportedprotocol66

(Supplementary Fig. 33a, b). The remineralised enamel did not
exhibit visual microstructure loss (Supplementary Fig. 33c) and dis-
played similar E (68.6 ± 16.4 GPa) and H (2.76 ±0.8GPa) after treat-
ment compared to those of native enamel (E = 70.2 ± 15.2 GPa,
H = 3.0 ±0.9GPa) (Fig. 6b).

Second, we evaluated resistance to fracture from physical insults
by applying a 9.8 N indentation force and measuring the apparent
fracture toughness (Kc(app)) (Fig. 6c) following standard protocols67.
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Fracture toughness is considered a critical indicator of enamel
quality68. Remineralisation of acid-etched enamel increased Kc(app)

from 0.7 ± 0.1MPa.m0.5 to 1.1 ± 0.1MPa.m0.5, regaining values similar to
those of healthy enamel (1.2 ± 0.2MPa.m0.5) (Fig. 6d and Supplemen-
tary Fig. 34)67.

Third, to evaluate tooth wear due to abrasive challenges such as
chewing andgrinding,weexposed enamel anddentine samples to 75 N
of frictional forces for 2 weeks, simulating mastication for ~3.5 years
(Fig. 6e and Supplementary Fig. 35) using a clinically relevant
technique69. The remineralized enamel exhibited similar wear in terms
of volume loss (VL = 3.5 ± 1.4mm3) and height loss (HL = 30.5 ± 8.9 µm)
compared to native enamel (VL = 2.9 ± 1.0mm3, HL = 29.1 ± 9.3 µm)
(Fig. 6f). Interestingly, surface mineralised dentine exhibited sig-
nificantly less wear (VL = 1.6 ± 0.6mm3,HL = 16.8 ± 6.7 µm) compared to
native dentine (VL = 2.5 ± 0.9mm3, HL = 28.0 ± 10.3 µm) (Fig. 6g), indi-
cating the protective role of the enamel-like mineral layer on dentine.
Finally, to investigate stability against acid erosion resulting from
dietary habits (Fig. 6h), we exposed tooth samples to 0.1M acetic acid
at pH 4.070 for either 15min or 2 days to emulate short and prolonged
erosion, respectively. At 15minutes, both E and H of native
(E = 16.6 ± 5.3 GPa, H = 1.0 ± 0.2GPa) and remineralized (E = 35.0 ± 6.4
GPa, H = 1.6 ± 0.4 GPa) enamel reduced significantly but the reminer-
alized enamel exhibited higher stability (Fig. 6i). Similarly, at 2 days, E
and H were further reduced for both native (E = 3.2 ± 1.2 GPa,
H = 0.14 ± 0.06GPa) and remineralized (E = 6.2 ± 0.8 GPa,
H = 0.15 ± 0.05GPa) enamel, again with the remineralized enamel
exhibiting higher mechanical stability (Fig. 6i) and structural integrity
(Fig. 6j). This enhanced chemical stability is attributed to the presence
of fluorine71. We also tested the chemical stability of the mineralised
layer grown on dentine against acid erosion. At 15minutes of acid
erosion, both E and H of the remineralised dentine reduced sig-
nificantly (E = 12.4 ± 4.2 GPa, H =0.6 ±0.2 GPa) and were comparable
to acid-treated enamel (E = 16.6 ± 5.3GPa, H = 1.0 ±0.2 GPa) (Supple-
mentary Fig. 36).

Overall, these results demonstrate the robustness and potential
applicability of the ELRmatrix and its capacity to grow a remineralised
layer exhibiting similar or higher resistance to abrasion, fracture, and
acid erosion compared to native enamel. In addition, to further facil-
itate translation, similar experiments were conducted but now pre-
paring the 5% w/v ELR matrix in ethanol/water mixture at a 9/1 ratio in
the presence of 1.5mM Ca2+ ions and using 1.5% v/v glutaraldehyde as
crosslinker. Both ethanol and glutaraldehyde are commonly used in
Food and Drug Administration (FDA) approved dental products. ELR
coatings exhibited high in vitro cytocompatibility when tested against
three different cells lines including mouse fibroblast cell line 3T3,
human immortalised mesenchymal stem cells (MSCs), and human
umbilical vein endothelial cells (HUVECs) (Supplementary
Figs. 37–40). Furthermore, the ethanol/water solvent enhances pene-
tration of the ELR solution into the tissue (Supplementary Fig. 41)72 and
allows a rapid (3-4minutes) ELR matrix assembly of up to 10μm thick
under ambient conditions (Supplementary Fig. 42). Using these
reagents, the ELR matrix also triggered similar fibrillar ELR structures
(Supplementary Fig. 43a), secondary structure composition (Supple-
mentary Figs. 43b, 44, Supplementary Discussion 9), recreation of
enamelmicrostructure (Supplementary Fig. 43c, d), and restoration of
the mechanical properties (Supplementary Fig. 43e, f).

To facilitate translation of the technology, we have conducted the
experiments following steps that are commonly used in dental prac-
tices including: (i) prophylaxis using abrasive paste to remove the
pellicle layer, (ii) acid etching using a 37% phosphoric acid gel for
30 seconds, (iii) washing with water to remove debris, and (iv) air
drying the tooth surface for 30 s. Afterwards, the ELR solution was
deposited and air dried on the tooth surface in 3-4min. To imitate the
real oral environment, ELR-coated samples were mineralised using
modified-artificial saliva (m-AS) under dynamic and abrasive

conditions. Our results demonstrated the recreation of both diazone
and parazone regions of enamel over large surface areas (Supplemen-
tary Fig. 45). Furthermore, to test the capacity to mineralise in natural
human saliva, ELR-coated enamel samples were exposed to saliva from
three different donors for 2 weeks. Again, the results revealed the
capacity of the ELR matrix to recreate prismatic enamel over large
surface areas (Fig. 6j and Supplementary Fig. 46a) and restore both the
mechanical (E = 74.6 ± 15.3 GPa, H= 2.7 ± 1.1 GPa) (Fig. 6k and Supple-
mentary Fig. 46c) and chemical (Supplementary Fig. 46d, e) properties
of natural enamel. These results confirm the robust mineralising
capacity of our ELR platform by enabling a similar epitaxial growth
despite the inherent compositional complexity of natural saliva. Fur-
thermore, the structure and properties of enamel were recovered on all
tested samples, independently of variations in free Ca2+ ion con-
centrations in the saliva from each donor (Supplementary Fig. 46b). In
addition, we assessed the stability of the ELR coatings on enamel by
exposing them to extreme pH (2, 11), salt solutions (5M sodium
chloride and sodium acetate), extensive tooth brushing (equivalent to
~ 4months), sonication (37 kHz, 5minutes), high temperature (55 °C for
2 h), and a standard tape peeling test23. These results revealed no
apparent effects on the surface morphology (Fig. 6l, m and Supple-
mentary Figs. 47, 48, 49c, 51), mechanical properties (Supplementary
Fig. 49a, b), and functionality (i.e., ability tomineralise) (Supplementary
Figs. 47, 48) of the ELR coating. This stability and resilience of the ELR
coating may result from the ordered β-sheet conformations34 and
strong chemical linkages between amino acids mediated by glutar-
aldehyde crosslinking73. Furthermore, the mechanical properties of the
ELR coating on enamel (E = 6.02 ± 1.68GPa and H=0.28 ±0.06GPa)
were comparable to those of the commercially available Duraphat®
varnish (E = 3.88 ±0.92GPa and H=0.30 ±0.08GPa) (Supplementary
Fig. 52), further supporting potential viability for translation. These
results confirmed the capacity of the technology to deposit a uniform,
resilient, and functional ELR coating over large areas and convoluted
tooth structures in 3-4min.

In this work, we engineered a practical and robust supramolecular
fibril-rich ELR matrix that imitates some of the structural and func-
tional characteristics of the enamel-developing matrix to trigger epi-
taxial and organised growth of apatite nanocrystals into an integrated
and functional tissue (Supplementary Discussion 10). We demon-
strated the use of this ELR matrix as versatile coatings capable of
recreating the microarchitecture and restoring the key functional
properties of the different anatomical regions of healthy enamel,
including prismatic (i.e., parazone, diazone, inter-prismatic) and
aprismatic regions from the surfaceof teeth, irrespective of the level of
erosion down to bare dentine (Supplementary Discussion 11). We
confirmed the performance of this remineralised tissue by testing a
collection of key functional properties, including integration to the
underlying tissue, stiffness, hardness, coefficient of friction, wear
strength, and stability to extensive physiological use, including abra-
sion from toothbrushing and chewing and grinding, fracture due to
grinding, and erosion due to exposure to acidic solutions. Our
mineralising technology offers a practical and clinically friendly solu-
tion to remineralise thin (up to ~ 10μm) layers of lost enamel in a
manner that regains both structure and function of healthy enamel
tissue. This capability far surpasses current commercial dental remi-
neralisation alternatives and overcomes key translational obstacles
that have so far prevented the capacity to regrow enamel tissue in
patients, even as thin functional layers. Moreover, our findings
demonstrate a capacity to grow enamel-like structures under condi-
tions that closely imitate various mechanical and chemical challenges
found in the mouth. However, these tests do not fully recreate the
complexity of the in vivo oral environment and, consequently, to fully
confirm the capacity to regenerate natural enamel would require
in vivo validation, which we envision to pursue in future work. In
conclusion, we envisage that our approach holds great potential for
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use in clinical settings and opens exciting opportunities for the design
of innovative bioinspired biomineralizing materials.

Methods
Materials
All materials used in this study were purchased from Sigma-Aldrich,
UK, unless specified. Chemicals were used as received without any
further processing. Human molar teeth extracted for clinical reasons
were used in this study following approval from the Research Ethics
Committee, Faculty of Medicine & Health Sciences, University of

Nottingham (reference number: FMHS 313-0721). Informed consent
was obtained from all donors prior to tooth extraction, with full pro-
tection of donor’s privacy.

Fabrication and characterisation of ELR fibrils
ELR molecules (1 or 5%, w/v) (Technical Proteins Nanobiotechnology,
Valladolid, Spain) were either dissolved in the mixture of anhydrous
dimethyformamide (DMF) and dimethyl sulfoxide (DMSO) solvents at
9/1 ratio or in the ethanol-water mixture at 9/1 ratio followed by the
addition of Ca2+ ions at a range of concentrations between 0–6.8mM.
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Attenuated total reflection-Fourier-transform infrared (ATR-
FTIR) spectroscopy analysis
A 3μL of each ELR-Ca solution was dropped on the crystal of ATR-FTIR
(Cary 630, Agilent, USA) to record spectrabetweenwavenumber 4000
to 400 cm−1 at an average of 64 scans and 2 cm−1 resolution at 25 °C.
Secondary structure composition (α-helix, β-sheet, β-turn, and ran-
domcoil) of ELRmembraneswas analysedbydeconvoluting the amide
III region (1350−1200 cm−1)31,74 using OriginPro 8.5 software.

To see the effect of drying on ELR’s secondary structure compo-
sition, a 3μL drop of ELR-Ca solution was placed on an ATR-FTIR
crystal under controlled humidity (<20%) and allowed to dry while
recording spectra at different time intervals at 25 °C. To see the effect
of simultaneous drying and crosslinking, hexamethylene diisocyanate
(HDI) was added to ELR-Ca solution31. A 3μL drop of this ELR-Ca-HDI
solution mixture was placed on an ATR-FTIR crystal and allowed to
simultaneously dry and crosslink while recording spectra at different
time intervals.

To assess the role of Ca2+ ions present in the enamel nanocrystals
on the secondary structure conformation of the ELR coating, we drop
casted 5% w/v ELR solution (DMF/DMSO= 9/1 and 0.56% HDI v/v)
without and with 1.5mM Ca2+ ions on the enamel surface and left
overnight drying in the glovebox under controlled humidity (<20%) at
25 °C. The secondary structure conformation of the ELR coatings was
analysed using ATR-FTIR.

Scanning electron microscopy (SEM) analysis
For SEM analysis, a drop of 1% w/v ELR solution without and with
1.5mMCaCl2 solutionwasplacedoncleaned silica surface samples and
dried at room temperature (25 °C), sputter coated with 10 nm thick
iridium coating (Quorum, Model: 150T ES, UK), and analysed under
SEM at a working distance of 10mm and operated at an accelerating
voltage of 15 kV (JEOL, 7100 F).

Transmission electron microscopy (TEM) analysis of ELR fibrils
Similarly, for TEM analysis, a drop of 1% w/v ELR solution without and
with 1.5mM CaCl2 solution was placed on amorphous carbon on 200
mesh Cu grid and the excess solution was removed using filter paper.
The grid was then dried overnight under controlled humidity (<20%)
and analysed without staining under a JEOL JEM-2100F FEGTEM
instrument operated at 200 kV. Images were recorded using Gatan
Orius camera, and then subsequentlybyGatanK3-ISdetector andwere
analysed using Gatan Microscopy Suite® (GMS 3) software.

TEM analysis of the mineralised ELR fibrils
For TEM analysis of the mineralised ELR fibrils, a drop of 5% w/v ELR
solution containing 1.5mM CaCl2 and 0.56% v/v hexamethylene dii-
socyanate (HDI) crosslinker was placed on TEM grid and the excess
solution was removed using filter paper. The TEM grid was dried
overnight at 25 °C before incubating in the mineralisation solution
supersaturated with respect to fluorapatite (prepared by dissolving

2mM hydroxyapatite powder and 2mM sodium fluoride)31 for 24 h.
Samples were then air-dried and analysed under TEM without any
staining. Selected area electron diffraction (SAED) was performed to
confirm the crystalline phases in the samples. Obtained TEM images
were analysed for fast Fourier-transform (FFT) using ImageJ (National
Institute of Health, USA) software.

Mineralisation of apatite nanocrystals embedded within the
ELR matrix
To confirm the ELR matrix mediated crystal extension preferentially
along the c-axis, we added commercially available HAp nanocrystals to
the ELR solution (5%w/v ELR, 1.5mMCa2+ ions, and 0.56% v/v HDI) and
drop casted it on TEM grids while removing any excess solution using
filter paper. The TEM grid was dried at 25 °C before incubating in the
mineralisation solution supersaturated with respect to fluorapatite31

for 24h. For the control sample without the ELR matrix, apatite
nanocrystals were added to themineralisation solution for 24 h before
placing on the TEM grids. Samples were then air-dried and analysed
under TEM without any staining.

X-ray photoelectron spectroscopy (XPS) analysis
A 25μL drop of ELR-Ca (1.5mM CaCl2) solution was placed and dried
on a cleaned silicon wafer and analysed using Phi 5600 XPS (Perkin
Elmer,U.S.).Monochromatic Al KαX-ray source operated at 350Wwas
used to measure survey and high-resolution C1s and N1s spectra.
Atomic percentages of each element from survey spectra were iden-
tified using CasaXPS processing software. OriginPro 8.5 software was
used to deconvolute the high-resolution Ca 2p3/2 and O1s spectra.

Isothermal titration calorimetry (ITC) analysis
The interactions between ELR molecules and Ca2+ ions were analysed
using MicroCal PEAQ-ITC (Malvern Instruments). Solutions were pre-
pared in deionised water to minimise the dilution heat contribution
and degassed prior to experiments. ELR concentration was fixed at
100μM and was titrated with 1mM Ca2+ solution. Experiments were
carried out at 25 °C and consisted of 18 successive injections of 2μL
Ca2+ solution and were continuously stirred at 750 rpm to ensure
proper mixing.

Small angle X-ray scattering (SAXS) and wide angle X-ray scat-
tering (WAXS) analysis
SAXS was conducted at beamline B21 Diamond Light Source Ltd.,
Didcot, UK75. ELR-Ca (1% ELR w/v; 1.5mM CaCl2) solution was loaded
into a PEI capillary, dried, and put into a multipurpose sample (MPS)
cell76. 1% w/v ELR (i.e., 10mg/mL) concentration was used based on a
previous study77 that reported the optimum protein concentration to
be in the range 1 to 10mg/mL for capturing reliable scattering signals.
Data was collected for 1 s exposure time, 21 frames at room tempera-
ture. Samples were averaged and subtracted to remove frames from
the averaging that had radiation damage. For WAXS analysis, ELR-Ca

Fig. 6 | Assessment of performance after common physical and chemical
insults. a Illustration of enamel abrasion due to routine tooth brushing and (b)
Young’s modulus (E) and hardness (H) of native and remineralised (remin) enamel
sections after 15 and 60min of continuous brushing. c Illustration of tooth fracture
due to physical insults and (d) apparent fracture toughness (Kc(app)) of different
enamel samples (n = 3 samples). e Illustration of tooth wear due to chewing &
grinding or other physical insults and volume and height loss evaluated in native
and mineralised (f) enamel (n = 8 samples) and (g) dentine samples (n = 8 samples)
after the chewing & grinding experiment. h Illustration of enamel erosion due to
acid attack and (i) nanoindentation results (E and H) of native and remineralised
enamel samples before and after exposure to acid for 15min and 2 days. j SEM
image (n = 3 samples) and (k) nanoindentation results (E and H) of enamel remi-
neralised for 14 days using natural human saliva. SEM images showing ELR coating
on prismatic enamel (l) before brushing, (m) after brushing for 15min (equivalent

to ~ 4 months of brushing), and (n) after remineralisation for 10 days
(n = 3 samples). The image presented in (l) appears blurry due to a visual effect
created by the ELR coating uniformly conforming over the enamel surfaces. In (b, i,
k) bars represent the mean values of E and H while dot plot represents indentation
measurements compiled from3 independent experiments for each group. Data are
presented as mean ± SD. Statistical significance was analysed using two-tailed Stu-
dent’s t test (f, g) or two-sided one-way ANOVA (Tukey test) (b, d, i) in GraphPad
Prism ver. 10. In (b) ** represents a significant difference p =0.0055. In (d) **
represents significant difference p =0.0083, * represents p =0.0328. In (g) * in
volume loss representsp =0.0480while * in height loss representsp =0.0309. In (i)
**** represents p <0.0001, ** represents p =0.0035. In (b, d, f, i), ‘ns’ represents no
significant difference. Schematic illustrations in (a, c, e, h) were prepared by sci-
entific illustrator Leonora Martínez Nuñez.
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(1% ELR w/v; 1.5mM Ca2+ ions) samples were dried in PEI capillaries,
loaded into a capillary rack, and measured under vacuum at room
temperature using Excillium Gallium Metaljet source, at an energy of
9.2 KeV. WAXS data were collected using an offline instrument DL-
SAXS (P38) (Xeuss 3.0, Xenocs) using an Eiger 2 R 1M detector, mea-
suring between Q =0.34 – 2.74 Å−1.

Dynamic light scattering (DLS) analysis
Dynamic light scattering (DLS) experiments were carried out using a
Zetasizer nano-ZS90 (Malvern, Inc.) instrument at room temperature
(25 °C). ELR solutions (1mg/mL) without andwith 1.5mMCa2+ ions and
0.1% glutaraldehyde were prepared in ethanol/water (9/1) solvent
mixture and analysed using a laser wavelength of 633nm and a scat-
tering angle of 90°.

Coarse-grained simulation
AlphaFold78 was used to generate an initial atomistic protein structure
which with coarse-grained using the martinize with vermouth script
for the MARTINI 3 forcefield79. All simulations were performed using
the GROMACS software package80,81 using a timestep of 20 fs. Velocity
rescaling was used to set the temperature to 298.15 K with the protein
andnon-protein groups coupled separately82 and aBerendsenbarostat
used to control the isotropic pressure at 1 bar83. Bond lengths within
aromatic side chains andbackbone side-chainbonds for Ile andValwas
constrained using the LINCS algorithm84. Short range intermolecular
interactions were evaluated using a Lennard-Jones algorithm with a
shifted cut off at 1.1 nm and electrostatic interactions evaluated using
the reaction-field algorithmwith a cut off also at 1.1 nm85. All simulation
were performed in aqueous conditions using theMARTINI small water
(two water molecules to one bead) model with an ionic concentration
Ca2+ ions of ~ 0.2MwithCl1- serving as the counter ions for theCa2+ ions
and protein net charge. All systemswereminimised using the steepest
descent integrator a tolerance of 100 kJmol−1 nm−1.

Quantification of β-rich fibrillar regions in ELR membranes
ELR membranes were fabricated using the procedure described pre-
viously [1, 14] after slight modifications. Briefly, ELR solutions were
prepared by dissolving 5%w/v ELRmolecules in DMF/DMSO (9/1 ratio)
solvent mixture, followed by addition of Ca2+ ions (0 to 6.8mM Ca2+

ions prepared using CaCl2.2H2O) at room temperature inside a
humidity controlled (<20%) glovebox (BELLE Technology, UK). HDI
crosslinker was added to the above ELR-Ca solutions, drop-casted on
top of polydimethylsiloxane (PDMS) substrate, and dried overnight to
get crosslinked ELR membranes31,86. Further, ELR membranes were
embedded in paraffin wax, sectioned to about 3 µm using cryostat
microtome (Leica CM3050), and stained with Thioflavin T (ThT,
100μM in water)87 and Congo Red88 dyes, normally used to identify β-
rich fibrillar structures.

Preparation of enamel and dentine sections
Human tooth samples were sectioned (0.5 - 1.0mm thick) perpendi-
cular to the long axis of the tooth using water cooled diamond saw.
Sections were acid-etched using 37wt% orthophosphoric acid (H3PO4)
for 30 seconds to imitate enamel erosion in the prismatic (inner)
enamel27. To partially erode aprismatic (outer) enamel from the tooth
surface, the whole tooth samples were subjected to 37wt% H3PO4 and
etched for 5minutes and were later sectioned as described above.
Dentine sections were etched for 10 s using 37wt%H3PO4. Acid-etched
enamel anddentine sectionswerewashed thricewith de-ionisedwater,
sonicated for 10min in water bath to remove any residual con-
taminants, air dried, and stored at 4 °C until used.

ELR coatings on enamel and dentine sections
To prepare ELR coatings using the DMF/DMSO system, 5% w/v ELR
solution (DMF/DMSO= 9/1) containing 1.5mMCa2+ ions and 0.56% v/v

HDI was drop-casted on acid-etched prismatic, aprismatic enamel, and
dentine sections and left to dry and crosslink for 1.5 h in a humidity-
controlled environment at room temperature (25 °C). To prepare ELR
coating using an ethanol/water system, 5% w/v ELR solution (85%
ethanol and 15% water) containing 1.5mM Ca2+ ions and 1.5% v/v glu-
taraldehyde was drop-casted on acid-etched enamel sections. To pre-
pare membranes, ELR solution was drop-casted on PDMS substrate,
and dried overnight to get crosslinked ELR membranes. To differ-
entiate between native and remineralised regions of enamel on the
same tooth sample, we used a nail varnish approach27 where half of the
enamel surface was covered with nail varnish and the remaining half
was coated with a 5 µm thick ELR coating. Thickness of the ELR coating
can be controlled by regulating the volume of ELR solution placed on
enamel surface. To demonstrate this, we created 2mm X 4mm win-
dows of enamel sections, drop casted different volumeof ELR solution
varying from 2 µL, 5 µL, and 10 µL (5 µL x2 applications to prevent
solution overflow) and measured ELR coating thickness under SEM.

Mineralisation experiment
ELR coated enamel and dentine sections were subjected to miner-
alisationusing solutionprepared by dissolving hydroxyapatite powder
(2mM) and sodium fluoride (2mM) under acidic pH until complete
dissolution31. The pH of the solution was later readjusted to 6.0 using
30% NH4OH solution. To mimic physiological mineralisation condi-
tions, enamel sections were subjected to artificial saliva (AS)89 pre-
pared by mixing 1.2mM CaCl2·2H2O, 50mM HEPES buffer, 0.72mM
KH2PO4, 16mM KCl, 4.5mM NH4Cl, 0.2mM MgCl2·6H20, 1 ppm NaF,
and pH adjusted to 7.2 using 1M KOH. Mineralisation experiments
were carried out at 37 °C inside a temperature-controlled incubator
(LTE Scientific, Oldham, UK). To imitate the oral environment, we
prepared modified-artificial saliva (m-AS) by supplementing AS with
different salivary enzymes such as α-amylase (100 µ/mL), lysozyme
(0.75 µ/mL)90, and proteinase K (15 ng/mL)91. Proteinase K is a serine
protease and was used as an alternative to proteinase 3, which is a
widely known salivary protease in humans91. To imitate the dynamic
and abrasive oral environment, we incubated the ELR coated enamel
sections in the m-AS along with 5 steel balls of 2mm diameter inside
the 20mL glass scintillation vials and stirred at 1000 RPM and 37 °C23.
We used steel balls to imitate external insults that may come food
particles or tooth attrition, biting forces, etc. Post mineralisation,
enamel sectionswere treated for enzymatic digestion (elastase, 15 µ/ml
for 10 days at 37 °C)31 to remove ELR coating and to expose
apatite crystals. Enamel sections were later washed several times with
de-ionised water, sonicated for 5minutes to remove debris, and
air dried.

Mineralisation using natural saliva
Human saliva was collected from 3 different healthy donors after
approval by the University of NottinghamEthicsCommittee, reference
number FMHS 313-0721. The donorswere between 20 and 40 years old
and had healthy periodontal conditions with no signs of gingivitis,
periodontitis, gingival recession, carious decay, or dental erosion.
Donors were instructed to refrain from eating or drinking (except
water) for two hours before saliva collection. Unstimulated saliva
samples were collected directly into polypropylene tubes. For enamel
remineralization, ELR coated enamel sectionswere separately exposed
to 1mL of whole human saliva collected individually from the different
donors for 2 weeks. Enamel sections were incubated at 37 °C, and the
saliva was replenished every 3 h during a 12 h daytime period and then
left in the same spent saliva for the subsequent 12 h overnight. Post
mineralisation, ELR coating was enzymatically degraded using elastase
as described in the section ‘Mineralisation experiment’. Calcium ion
concentrations in the saliva samples were measured using a colori-
metric assay kit (Abcam, ab102505), according to the manufacturer’s
instructions.
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Swelling analysis
The swelling behaviour of the ELR membranes fabricated using etha-
nol/water (85/15) was investigated using a previously reported
methodology92. Briefly, dried ELRmembranes of known initial weights
(Wi) were soaked in PBS (pH 6.0) overnight at 37 °C, then carefully
removed and immediately weighed (Wf) after removing excess PBS
using filter paper. The experiment consisted of three samples (n = 3).
The swelling percentage was calculated using the expression below:

Swelling %ð Þ= Wf � Wi

Wf
× 100 ð1Þ

Degradation analysis
Degradation studies were performed by immersing the ELR mem-
branes in 1mL of artificial saliva without and with proteinase K (15 ng/
mL) at 37 °C for different times. At each time point, 50 µL of the arti-
ficial saliva was removed and analysed for ELR release resulting from
the membrane degradation due to mineralisation and enzymatic
degradation. The amount of ELR degradation was analysed using the
Micro BCA Protein Assay Kit (Thermo Scientific Pierce) by comparing
the results to a standard curve generated with varying concentrations
of ELR molecules.

Thermogravimetric analysis (TGA)
TGA analysis was carried out using TGAQ500 V20.13 (TA instruments)
using a heating rate of 10 °C/min to 600 °C.

Profilometer analysis
The ELR coating on the enamel sample was prepared using the etha-
nol/water solvent mixture as described in section ‘Mineralisation
experiment’. Briefly, 5% (w/v) ELR solution was prepared in ethanol/
water (75/25) solvent mixture followed by the addition of 1.5mM Ca2+

ions and 0.5% (v/v) glutaraldehyde. The ELR solutionwas deposited on
an acid etched enamel sample and allowed to dry for 4minutes. For
profilometer analysis, a long scratch mark was made on the ELR
coating at the centre of the sample. A height profile was created along
the scratch mark using profilometer Alicona G5 XL optical profil-
ometer (Bruker, Germany) before and after brushing for 5min.

SEM and energy-dispersive X-ray (EDX) spectroscopy
Native, acid-etched, and remineralized enamel sections weremounted
on aluminium stubs and coated with 10 nm thick Iridium coating to
visualise enamel microstructure under SEM (operated at an accel-
erating voltage of 15 kV). To analyse elemental composition of native
and remineralized enamel, sampleswere coatedwith 20 nm thick layer
of carbon instead of Iridium (Quorum UK, Model: 150R ES) and ana-
lysed under EDX (Oxford Instruments Aztec EDX system) at an accel-
erating voltage of 15 kV.

Focused ion beam (FIB) lift out and TEM analysis
To confirm crystallographic integration between newly grown and
native enamel nanocrystals, thin lamella from remineralized enamel
sections fromboth diazone andparazone regionswereprepared using
standard FIB procedure93 on Zeiss CrossBeam 550 FIB-SEM and Helios
450S FIB-SEM (FEI). Lift out lamellas were analysed using Titan 60-300
TEM (FEI) equipped with a high-brightness field-emission gun (X-FEG),
monochromator, image-side Cs-corrector (CEOS) and JEOL JEM-2100F
FEGTEM instruments, operated at 300 and 200 kV, respectively.

Atomic force microscopy (AFM)
Remineralized enamel samples were scanned under Dimension Fas-
tScan AFM (Bruker) at 20 °C and 60% relative humidity using AFM
probe of 8 nm tip radius at 1024 force curves/line and scan rate of

0.5 Hz. Images were analysed using Gwyddion software obtained from
GNU General Public License, as described previously94.

X-ray diffraction (XRD)
XRD analysis was performed using D8 ADVANCE with DAVINCI to
analyse the phase composition of the native and remineralized enamel
sections at room temperature. Instrument was operated with flat plate
θ/θ geometry and Ni-filtered Cu-Kα radiation at 45 kV and 40mA
(Kα1 = 1.54059Å, Kα2 = 1.54442 Å)31. The samples were recorded at 2θ
values ranging from5 to 60° with a step size 0.02° andwere compared
with standard fluorapatite PDF #73−1727.

Confocal laser scanning microscopy (CLSM)
To confirm the presence of β-rich fibrillar structures in the ELR-Ca
coated prismatic enamel, coated and uncoated sections were stained
with ThT dye (100μM) for 1 h, washed with water to remove excess of
dye, and scanned under inverted CLSM (Zeiss LSM 700, Germany)
using 488nm laser.

To demonstrate the formation of mineral layer on top of apris-
matic enamel, acid-etched sections were coated partly with ELR-Ca
(0.34mMCaCl2) and partly with acid resistant nail varnish (to prevent
mineralisation). Coated sections were subjected to mineralisation
followed by degradation of ELR coating by elastase digestion, staining
with calcein dye (Thermofisher, UK), and scanning under CLSM.

Acid attack
Both native and remineralized enamel sectionswere subjected to0.1M
acetic acid (pH 4.0) and incubated at 37 °C for different time points70.

Nanoindentation
Enamel sections were glued to aluminium stub using Loctite Super
glue and air dried for 2 h. Young’s modulus I and hardness (H) were
measured using a reported method95. Briefly, samples were indented
using a Berkovich tip at NanoTest P3 instrument (Micro Materials
company) at a loading rate of 500μN/s and with the maximum
indentation depth of 300nm.

Apparent fracture toughness analysis
Apparent fracture toughness (Kc(app)) was analysed using the inden-
tation crack length approach67 on the MMT-7 digital microhardness
tester (Buehler) equipped with Vickers diamond indenter. At least 5
indents were made on each sample at 0.1 and 9.8N load and the
diagonal lengths and average crack lengths arising from the indenta-
tion corners were measured for each indentation to compute the
Kc(app) using following expression:

KcðappÞ =0:0084
E
H

� �2
5 2P

L

� �
1

C1=2
ð2Þ

Where, E, H, P, L, and C are Young’s modulus (GPa), hardness (GPa),
load (N), average diagonal length (m), and crack length (m),
respectively.

Coefficient of friction (CoF) and wear strength (WS)
The wear tests were carried out using a rotary ball-on-disc type trib-
ometer (Ducom Instruments, India) which provided a through-tests
measurement of the CoF. Briefly, flat enamel samples were fixed on
stainless steel plates using superglue. A 6mm diameter aluminium
oxide counter body ball was slid on enamel samples along a circle of
diameter 1.65mmat60RPM for covering 200 cycles at a loadof 2N for
a total wear distance of 1.04m.

Specific wear rate (SWR) was calculated as the total removed
volume per unit length and unit load. Optical profilometry was carried
out using an Alicona G5 XL optical profilometer (Bruker, Germany)
based on the focus variation method, with a vertical resolution of
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0.1 µm and a lateral resolution of 1.76 µm. The total removed volume
was estimated by measuring four radial depth profiles along the wear
track, averaging them, and multiplying by the wear track cir-
cumference. The associated error is the standard error.

Toothbrushing abrasion test
Native and remineralized enamel sections were fixed to the PDMS
substrate with their top surface exposed outside. To imitate tooth-
brushing, a customised setupwas built. Briefly, a forceof 200 g or ~ 2 N
was applied using a soft toothbrush (Oral-B Vitality Plus Electric
Toothbrush, UK) on enamel samples immersed covered in a slurry of
toothpaste (Oral-B Pro-Expert Toothpaste) prepared by mixing 16 g of
toothpaste in 100mL of deionized water66. Samples were subjected to
circular strokes for continuous 15 and 60min that corresponded to
112.5 and 450 days of toothbrushing abrasion, respectively. Brushed
samples were later observed under SEM and tested for mechanical
properties using nanoindentation.

Chewing & grinding abrasion test
Extracted human molars (n = 32) were collected and cleaned with a
brush with pumice powder. Half of the molars (n = 16) were sectioned
1mm above the cemento–enamel junction, to separate the crowns
from the roots to ensure that the dentine is exposed, any exposed pulp
chamber is filled with clearfil Majesty ES flow (Kuraray Noritake Dental
inc.). Samples were embedded in dental acrylic resin (PMMA Candu-
lor), exposing the enamel and dentine surface. The surfaces of the
dentine sampleswere groundflat and polishedwithwater-cooled 400-
grit paper. Reference planes for profilometry were created in the
PMMA on both sides of the embedded specimen with a milling
machine. 8 samples each for enamel anddentinewerefirst acid etched,
coated with ELR coating, and mineralised for 10 days as reported
above. Healthy native samples, 8 for each enamel and dentine were
loaded in the apparatus as untreated.

Wear simulation was performed using a reported Rub&Roll
apparatus and technique69. Briefly, enamel and dentine samples were
mounted in a rotating cylinder, where the samples protruding 1mm
above the cylinder surface and 4 rods with 4 PVC tubes are mounted
where the loading is about 75 N. The specimens are exposed to cyclic
loading with water. After 2 weeks of continuous loading in the Rub&-
Roll with a rotation speed of 10 RPM, a total of 806400 cycles were
performed, mimicking about 3.5 years of clinical loading. Samples
were scanned using a non-contact profilometer before and after
loading, a special sample holder with metal strips was used and the
reference area in the specimens as the reference area for profilometric
measurements of substance loss. Themean Volume loss (VL, mm3) and
height loss (HL, µm) was calculated96.

In vitro cytotoxicity assays
Cell viability determination by MTS assay. Biocompatibility of the
ELR coatings was quantitatively assessed on three different cell lines,
NIH 3T3 fibroblasts (ATCC, USA), human immortalised mesenchymal
stem cells (MSCs, Lonza, Switzerland) and human umbilical vein
endothelial cells (HUVECs, Lonza, Switzerland), using anMTS assay kit
(Abcam, UK). Glass coverslips (15mm diameter) were coated with the
ELR matrix by drop casting a 5% ELR solution prepared in ethanol/
water (9/1 ratio) and containing 1.5mM Ca2+ ions and 1.5% glutar-
aldehyde. Samples were then sterilised by immersing them in 70%
ethanol for 30min. After washing themwith PBS to remove the excess
of ethanol, theywere transferred to 24-well plates (Corning®,USA),UV-
irradiated for 1 h and incubated in cell culture media for another hour,
to promote protein adsorption and cell attachment97.

NIH 3T3 fibroblasts and MSCs were cultured in high- and low-
glucose Dulbecco´s Modified Eagle´s Medium (DMEM, Fisher Scien-
tific, UK), respectively, containing 10% FBS and 1% antibiotic/anti-
mycotic, while HUVECs were cultured in Endothelial cell growth

medium (Lonza, Switzerland) containing 1% antibiotic/antimycotic. All
cells were kept in standard cell culture conditions (37ᵒC and 5% CO2),
and when 80% confluency was reached, they were trypsinised and
seeded in the sample-containing 24-well plates at a cell density of
5 × 103 cells/cm2 in the case of fibroblasts and MSCs, and 25 × 103 cells/
cm2 for HUVECs.

The different cells lines were incubated with the samples (n = 6)
for 4 and 8 days, respectively. Then, the cell viability was assessed
using an MTS assay (MTS Assay Kit, Abcam, UK) following the manu-
facturer’s protocol. After 3 h of incubation, the absorbance at 490nm
was measured using a microplate reader (Infinite M Plex, Tecan,
Switzerland), and cell viability relative to positive control (cells cul-
tured in tissue culture plastic) was calculated according to the fol-
lowing equation:

Cell viability ð%Þ = ðSample Absorbance=Positive control AbsorbanceÞ× 100
ð3Þ

Cell viability determination by Live-dead staining. To qualitatively
confirm the biocompatibility of the ELR coatings, a Live/Dead staining
(Thermo Fisher Scientific, UK) was carried out following the manu-
facturer´s instructions. In a similar way as described in the previous
section, NIH3T3fibroblasts,MSCs andhUVECswere seededon the top
of sterile ELR-coated coverslips, previously placed in 24-well plates, at
a cell density of 5 × 104 cells/cm2. After 2 and 4 days, respectively, cells
seeded in the samples, along with positive (cells seeded in tissue cul-
ture plastic), and negative (cells killed with DMSO) controls, were
stained with Calcein AM and ethidium homodimer-1. Calcein AM is
hydrolysed into calcein in living cells, leading to a fluorescent green
colour, while ethidium homodimer−1 penetrates in cells with com-
promised membranes staining nucleic acids in red)98. In addition,
Hoechst 33342 (Thermo Fisher Scientific, UK) was employed to fluor-
escently stain the cells nuclei in blue. After 1 h of incubation with the
staining solution in standard cell culture conditions (37 ᵒC and 5%
CO2), cells were washed twice with PBS and imaged under a confocal
microscope (Leica TCS SPE, Leica Microsystems, Germany).

Statistical analysis. All the data are reported as mean ± SD. GraphPad
Prismver. 10 softwarewas used to perform statistical analysis between
themeans of different test groups using two-sided one-way analysis of
variance (ANOVA)with the Tukey test for comparing 3 ormore groups.
For comparing 2 groups, a two-tailed Student’s t testwasperformed.p-
values < 0.05 were considered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are provided in the
Source Data file, Supplementary Information file, and are also available
from the corresponding author upon request. Source data for all main
(i.e., Figs. 1–6) and Supplementary Figs. (i.e., Supplementary Fig. 1–52)
is available open access and can be found at https://doi.org/10.17639/
nott.7600. Source data are provided in this paper.

References
1. Beniash, E. et al. The hidden structure of human enamel. Nat.

Commun. 10, 4383 (2019).
2. Delak, K. et al. The tooth enamel protein, porcine amelogenin, is an

intrinsically disordered protein with an extended molecular con-
figuration in the monomeric form. Biochemistry 48, 2272–2281
(2009).

3. Carneiro, K. M. et al. Amyloid-like ribbons of amelogenins in enamel
mineralization. Sci. Rep. 6, 23105 (2016).

Article https://doi.org/10.1038/s41467-025-64982-y

Nature Communications |         (2025) 16:9434 15

https://doi.org/10.17639/nott.7600
https://doi.org/10.17639/nott.7600
www.nature.com/naturecommunications


4. Bai, Y. et al. Protein nanoribbons template enamel mineralization.
Proc. Natl. Acad. Sci. USA 117, 19201–19208 (2020).

5. Habelitz, S. & Bai, Y. Mechanisms of enamel mineralization guided
by amelogenin nanoribbons. J. Dent. Res. 100, 1434–1443 (2021).

6. Moradian-Oldak, J. Protein-mediated enamel mineralization. Front.
Biosci. 17, 1996–2023 (2012).

7. Johansson, A.-K., Omar, R., Carlsson, G. E. & Johansson, A. Dental
erosion and its growing importance in clinical practice: frompast to
present. Int. J. Dent. https://doi.org/10.1155/2012/632907 (2012).

8. Righolt, A., Jevdjevic, M., Marcenes, W. & Listl, S. Global-, regional-,
and country-level economic impacts of dental diseases in 2015. J.
Dent. Res. 97, 501–507 (2018).

9. Mukherjee, K. et al. Peptide-based bioinspired approach to regrowing
multilayered aprismatic enamel. ACS Omega 3, 2546–2557 (2018).

10. Habelitz, S. Materials engineering by ameloblasts. J. Dent. Res. 94,
759–767 (2015).

11. Bajaj, D. & Arola, D. Role of prism decussation on fatigue crack
growth and fracture of human enamel. Acta Biomater. 5,
3045–3056 (2009).

12. Osborn, J. A 3-dimensional model to describe the relation
between prism directions, parazones and diazones, and the
Hunter-Schreger bands in human tooth enamel. Arch. Oral. Bio.
35, 869–878 (1990).

13. Wilmers, J. & Bargmann, S. Nature’s design solutions in dental
enamel: Uniting high strength and extreme damage resistance.
Acta Biomater. 107, 1–24 (2020).

14. Fuentes, R. et al. A new tridimensional insight into geometric and
kinematic characteristics of masticatory cycles in participants with
normal occlusion. Biomed. Res. Int. 527463 https://doi.org/10.1155/
2018/2527463 (2018).

15. Pandya,M. &Diekwisch, T. G. Enamel biomimetics—fiction or future
of dentistry. Int. J. oral. Sci. 11, 1–9 (2019).

16. Chen, H., Clarkson, B. H., Sun, K. & Mansfield, J. F. Self-assembly of
synthetic hydroxyapatite nanorods into an enamel prism-like
structure. J. Colloid Interface Sci. 288, 97–103 (2005).

17. Chen, H. et al. Acellular synthesis of a human enamel-like micro-
structure. Adv. Mater. 18, 1846–1851 (2006).

18. Sun, M., Wu, N. & Chen, H. Laser-assisted rapid mineralization of
human tooth enamel. Sci. Rep. 7, 9611 (2017).

19. Yeom, B. et al. Abiotic tooth enamel. Nature 543, 95–98 (2017).
20. Zhao,H. et al.Multiscale engineeredartificial tooth enamel.Science

375, 551–556 (2022).
21. Cao, Y., Mei, M. L., Li, Q.-L., Lo, E. C. M. & Chu, C. H. Agarose

hydrogel biomimetic mineralization model for the regeneration of
enamel prismlike tissue. ACS Appl. Mater. Interfaces 6, 410–420
(2014).

22. Zhao, H. et al. Natural tooth enamel and its analogs. Cell Rep. Phys.
Sci. 3, 100945 (2022).

23. Wang, D. et al. Controlling enamel remineralization by amyloid-like
amelogenin mimics. Adv. Mater. 32, 2002080 (2020).

24. Dogan, S. et al. Biomimetic tooth repair: amelogenin-derived pep-
tide enables in vitro remineralization of human enamel. ACS Bio-
mater. Sci. Eng. 4, 1788–1796 (2018).

25. Fang, Z. et al. Enamel-like tissue regeneration by using biomimetic
enamel matrix proteins. Int. J. Biol. Macromol. 183, 2131–2141
(2021).

26. Chang, R. et al. Phosphorylated and phosphonated low-complexity
protein segments for biomimetic mineralization and repair of tooth
enamel. Adv. Sci. 9, 2103829 (2022).

27. Shao, C. et al. Repair of tooth enamel by a biomimetic mineraliza-
tion frontier ensuring epitaxial growth. Sci. Adv. 5, eaaw9569
(2019).

28. Liu, Y. et al. Bioinspired heptapeptides as functionalized miner-
alization inducers with enhanced hydroxyapatite affinity. J. Mater.
Chem. B 6, 1984–1994 (2018).

29. Martinez-Avila, O. et al. Self-assembly of filamentous amelogenin
requires calcium and phosphate: from dimers via nanoribbons to
fibrils. Biomacromolecules 13, 3494–3502 (2012).

30. Zhang, J. et al. Calcium interactions in amelogenin-derived peptide
assembly. Front. Physiol. 13, 2624 (2022).

31. Elsharkawy, S. et al. Protein disorder–order interplay to guide the
growth of hierarchical mineralized structures. Nat. Commun. 9,
2145 (2018).

32. Zhang, W. et al. Calcium ion-induced formation of β-sheet/-turn
structure leading to alteration of osteogenic activity of bone mor-
phogenetic protein-2. Sci. Rep. 5, 1–15 (2015).

33. Isaacs, A. M., Senn, D. B., Yuan, M., Shine, J. P. & Yankner, B. A.
Acceleration of amyloid β-peptide aggregation by physiological
concentrations of calcium. J. Biol. Chem. 281, 27916–27923 (2006).

34. Kamada, A. et al. Controlled self-assembly of plant proteins into
high-performance multifunctional nanostructured films. Nat.
Commun. 12, 3529 (2021).

35. Chung, T.-M. et al. Helical phase driven by solvent evaporation in
self-assembly of poly (4-vinylpyridine)-block-poly (l-lactide) chiral
block copolymers. Macromolecules 45, 9727–9733 (2012).

36. Close, W. et al. Physical basis of amyloid fibril polymorphism. Nat.
Commun. 9, 699 (2018).

37. Jahn, T. R. et al. The common architecture of cross-β amyloid. J.
Mol. Biol. 395, 717–727 (2010).

38. Lattanzi, V. et al. Amyloid β 42 fibril structure based on small-angle
scattering. Proc. Natl. Acad. Sci. USA 118, e2112783118 (2021).

39. Pautard, F. An X-ray diffraction pattern from human enamel matrix.
Arch. Oral. Biol. 3, 217–220 (1961).

40. Zhang, J. et al. Calcium interactions in amelogenin-derived peptide
assembly. Front. Physiol. 13, https://doi.org/10.3389/fphys.2022.
1063970 (2022).

41. Phan-Xuan, T. et al. Hydration-induced structural changes in the
solid state of protein: A SAXS/WAXS study on lysozyme.Mol.
Pharm. 17, 3246–3258 (2020).

42. Moran, S. D. & Zanni, M. T. How to get insight into amyloid structure
and formation from infrared spectroscopy. J. Phys. Chem. Lett. 5,
1984–1993 (2014).

43. Langkilde, A. E., Morris, K. L., Serpell, L. C., Svergun, D. I. & Ves-
tergaard, B. The architecture of amyloid-likepeptide fibrils revealed
by X-ray scattering, diffraction and electron microscopy. Acta
Crystallogr. D Biol. Crystallogr. 71, 882–895 (2015).

44. Travis, D. F. & Glimcher, M. J. The structure and organization of, and
the relationship between the organic matrix and the inorganic
crystals of embryonic bovine enamel. J. Cell Biol. 23, 447–497
(1964).

45. Flamia, R., Salvi, A., D’Alessio, L., Castle, J. & Tamburro, A. Trans-
formation of amyloid-like fibers, formed from an elastin-based
biopolymer, into a hydrogel: an X-ray photoelectron spectroscopy
and atomic forcemicroscopy study. Biomacromolecules 8, 128–138
(2007).

46. Castelletto, V. & Hamley, I. W. Amyloid and hydrogel formation of a
peptide sequence from a coronavirus spike protein. Acs Nano 16,
1857–1867 (2022).

47. Fang, P.-A., Conway, J. F., Margolis, H. C., Simmer, J. P. & Beniash, E.
Hierarchical self-assembly of amelogenin and the regulation of
biomineralization at the nanoscale. Proc. Natl. Acad. Sci. USA 108,
14097–14102 (2011).

48. Dey, A. et al. The role of prenucleation clusters in surface-induced
calcium phosphate crystallization. Nat. Mater. 9, 1010–1014 (2010).

49. Lotsari, A., Rajasekharan, A. K., Halvarsson, M. & Andersson, M.
Transformation of amorphous calcium phosphate to bone-like
apatite. Nat. Commun. 9, 4170 (2018).

50. Friddle, R. W. et al. Single-molecule determination of the face-
specific adsorption of Amelogenin’s C-terminus on hydroxyapatite.
Angew. Chem. 123, 7683–7687 (2011).

Article https://doi.org/10.1038/s41467-025-64982-y

Nature Communications |         (2025) 16:9434 16

https://doi.org/10.1155/2012/632907
https://doi.org/10.1155/2018/2527463
https://doi.org/10.1155/2018/2527463
https://doi.org/10.3389/fphys.2022.1063970
https://doi.org/10.3389/fphys.2022.1063970
www.nature.com/naturecommunications


51. Naumova, E. A. et al. Fluoride bioavailability in saliva and plaque.
BMC Oral. Health 12, 1–6 (2012).

52. Ruan, Q., Zhang, Y., Yang, X., Nutt, S. & Moradian-Oldak, J. An
amelogenin–chitosan matrix promotes assembly of an enamel-like
layer with a dense interface. Acta Biomater. 9, 7289–7297 (2013).

53. Ibrahim, A., Thompson, V. & Deb, S. A novel etchant system for
orthodontic bracket bonding. Sci. Rep. 9, 9579 (2019).

54. Zafar, M. S. & Ahmed, N. The effects of acid etching time on surface
mechanical properties of dental hard tissues. Dent. Mater. J. 34,
315–320 (2015).

55. Kucher, M., Dannemann, M., Füßel, R., Weber, M.-T. & Modler, N.
Sliding friction and wear of human teeth against biocompatible
polyether ether ketone (PEEK) under various wear conditions.Wear
486, 204110 (2021).

56. Zheng, J., Xiao, F.,Qian, L.&Zhou, Z. Erosionbehaviorof human tooth
enamel in citric acid solution. Tribol. Int. 42, 1558–1564 (2009).

57. Lin, C. P., Douglas, W. H. & Erlandsen, S. L. Scanning electron
microscopy of type I collagen at the dentin-enamel junction of
human teeth. J. Histochem. Cytochem. 41, 381–388 (1993).

58. Hayashi, Y. High resolution electron microscopy in the dentino-
enamel junction. J. Electron Microsc. 41, 387–391 (1992).

59. Zhang, W., Liao, S. & Cui, F. Hierarchical self-assembly of nano-
fibrils in mineralized collagen. Chem. Mater. 15, 3221–3226 (2003).

60. Fang, P. A., Lam, R. S. & Beniash, E. Relationships between dentin
and enamel mineral at the dentino–enamel boundary: electron
tomography and high-resolution transmission electronmicroscopy
study. Eur. J. Oral. Sci. 119, 120–124 (2011).

61. Diekwisch, T. G., Berman, B. J., Gentner, S. & Slavkin, H. C. Initial
enamel crystals are not spatially associated with mineralized den-
tine. Cell Tissue Res. 279, 149–167 (1995).

62. Bodier-Houllé, P., Steuer, P., Meyer, J., Bigeard, L. & Cuisinier, F.
High-resolution electron-microscopic study of the relationship
between human enamel and dentin crystals at the dentinoenamel
junction. Cell Tissue Res. 301, 389–395 (2000).

63. Forien, J.-B. et al. Water-mediated collagen and mineral nano-
particle interactions guide functional deformation of human tooth
dentin. Chem. Mater. 28, 3416–3427 (2016).

64. Nanci, A. Ten Cate’s Oral Histology-e-book: development, structure,
and function. (Elsevier Health Sciences, 2017).

65. Douglas, W., Sakaguchi, R. & DeLong, R. Frictional effects between
natural teeth in an artificial mouth. Dent. Mater. 1, 115–119 (1985).

66. Wei, Y. et al. Enamel repair with amorphous ceramics. Adv. Mater.
32, 1907067 (2020).

67. Park, S., Quinn, J., Romberg, E. & Arola, D. On the brittleness of
enamel and selected dental materials. Dent. Mater. 24, 1477–1485
(2008).

68. Yahyazadehfar,M. et al. On themechanics of fatigue and fracture in
teeth. Appl. Mech. Rev. 66, 030803 (2014).

69. Ruben, J., Roeters, F., Montagner, A. & Huysmans, M. A multi-
functional device to simulate oral ageing: the “Rub&Roll. J. Mech.
Behav. Biomed. Mater. 30, 75–82 (2014).

70. Mohammed, N. R., Lynch, R. J. & Anderson, P. Inhibitory effects of
zinc ions on enamel demineralisation kinetics in vitro. Caries Res.
49, 600–605 (2015).

71. Kim, H.-W., Kim, H.-E. & Knowles, J. C. Fluor-hydroxyapatite sol–gel
coating on titanium substrate for hard tissue implants. Biomater 25,
3351–3358 (2004).

72. Metya, A. K., Khan, S. & Singh, J. K. Wetting transition of the
ethanol–water droplet on smooth and textured surfaces. J. Phys.
Chem. C 118, 4113–4121 (2014).

73. Migneault, I., Dartiguenave, C., Bertrand, M. J. & Waldron, K. C.
Glutaraldehyde: behavior in aqueous solution, reaction with pro-
teins, and application to enzyme crosslinking. Biotechniques 37,
790–802 (2004).

74. Cai, S. & Singh, B. R. Identification of β-turn and random coil amide
III infrared bands for secondary structure estimation of proteins.
Biophys. Chem. 80, 7–20 (1999).

75. Cowieson, N. P. et al. Beamline B21: high-throughput small-angle
X-ray scattering at Diamond Light Source. J. Synchrotron Radiat. 27,
1438–1446 (2020).

76. Edwards-Gayle, C. J. C. et al. Design of a multipurpose sample cell
holder for the Diamond Light Source high-throughput SAXS
beamline B21. J. Synchrotron Radiat. 28, 318–321 (2021).

77. Kikhney, A. G. & Svergun, D. I. A practical guide to small angle X-ray
scattering (SAXS) of flexible and intrinsically disordered proteins.
FEBS Lett. 589, 2570–2577 (2015).

78. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021).

79. Souza, P. C. et al. Martini 3: a general purpose force field for coarse-
grained molecular dynamics. Nat. Methods 18, 382–388 (2021).

80. Abraham, M. J. et al. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 1, 19–25 (2015).

81. Van Der Spoel, D. et al. GROMACS: fast, flexible, and free. J.
Comput. Chem. 26, 1701–1718 (2005).

82. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through
velocity rescaling. J. Chem. Phys. 126, 014101 (2007).

83. Berendsen, H. J., Postma, J. V., Van Gunsteren, W. F., DiNola, A. &
Haak, J. R. Molecular dynamics with coupling to an external bath. J.
Chem. Phys. 81, 3684–3690 (1984).

84. Hess, B. P-LINCS: A parallel linear constraint solver for molecular
simulation. J. Chem. Theory Comput. 4, 116–122 (2008).

85. Tironi, I. G., Sperb, R., Smith, P. E. & van Gunsteren, W. F. A gen-
eralized reaction fieldmethod for molecular dynamics simulations.
J. Chem. Phys. 102, 5451–5459 (1995).

86. Deng, X. et al. Topographically guided hierarchical mineralization.
Mater. Today Bio 11, 100119 (2021).

87. Biancalana, M., Makabe, K., Koide, A. & Koide, S. Molecular
mechanism of thioflavin-T binding to the surface of β-rich peptide
self-assemblies. J. Mol. Biol. 385, 1052–1063 (2009).

88. Yakupova, E. I., Bobyleva, L. G., Vikhlyantsev, I. M. & Bobylev, A. G.
Congo Red and amyloids: history and relationship. Biosci. Rep. 39,
BSR20181415 (2019).

89. Mukherjee, K. et al. Amelogenin peptide-chitosan hydrogel for
biomimetic enamel regrowth. Front. Dent. Med. 2, 697544 (2021).

90. Malpass, G. E., Arimilli, S., Prasad, G. L. & Howlett, A. C. Complete
artificial saliva alters expression of proinflammatory cytokines in
human dermal fibroblasts. Toxicol. Sci. 134, 18–25 (2013).

91. Yang, T.-Y. et al. Role of saliva proteinase 3 in dental caries. Int. J.
Oral. Sci. 7, 174–178 (2015).

92. Hasan, A., Waibhaw, G., Saxena, V. & Pandey, L. M. Nano-
biocomposite scaffolds of chitosan, carboxymethyl cellulose and
silver nanoparticlemodified cellulose nanowhiskers for bone tissue
engineering applications. Int. J. Biol.Macromol. 111, 923–934 (2018).

93. Giannuzzi, L. A. & Stevie, F. A. A review of focused ion beammilling
techniques for TEM specimen preparation. Micron 30, 197–204
(1999).

94. Hasan, A., Waibhaw, G. & Pandey, L. M. Conformational and orga-
nizational insights into serum proteins during competitive adsorp-
tion on self-assembled monolayers. Langmuir 34, 8178–8194
(2018).

95. Habelitz, S., Marshall, S., Marshall, G. Jr & Balooch, M. Mechanical
properties of human dental enamel on the nanometre scale. Arch.
Oral. Biol. 46, 173–183 (2001).

96. Ruben, J. L., Truin, G.-J., Loomans, B. A. & Huysmans, M.-C. D.
Mimicking and measuring occlusal erosive tooth wear with the”
rub&roll” and non-contact profilometry. J. Vis. Exp. 132, e56400
(2018).

Article https://doi.org/10.1038/s41467-025-64982-y

Nature Communications |         (2025) 16:9434 17

www.nature.com/naturecommunications


97. Hasan, A. et al. Mineralizing coating on 3D printed scaffolds for the
promotion of osseointegration. Front. Bioeng. Biotechnol. 10,
836386 (2022).

98. Gantenbein-Ritter, B., Sprecher, C. M., Chan, S., Illien-Jünger, S. &
Grad, S. Mammalian Cell Viability: Methods and Protocols 127–140
(Springer, 2011).

Acknowledgements
The work was financially supported by the ERC Proof-of-Concept grants
ENAMULATE and MINGRAFT, the Engineering and Physical Sciences
Research Council [EP/N006615/1], and the Medical Research Council
[United Kingdom Regenerative Medicine Platform Hub Acellular Smart
Materials 3D Architecture, MR/R015651/1], the NIHR Nottingham Biome-
dical Research Centre at University of Nottingham, Nottingham, UK, and
the project AOCMF-21-04S from the AO Foundation, AO CMF. The AO
CMF is a clinical division of the AO Foundation — an independent
medically guided not-for-profit organisation. The work was also sup-
ported by INNOVATE UK the Smart Grant ENAMEXCEL [10094179]. H.R.
acknowledges support from the action “Recualificación de personal
universitario: Margarita Salas para la formación de jóvenes doctores”,
financed by “NextGenerationEU” funds of the European Union. M.F. and
C.P. highly acknowledge the support by the Engineering and Physical
Sciences Research Council (EPSRC) grant [EP/W006413/1] and [EP/
S021434/1] and the University of Nottingham forwork done on the K3 and
Zeiss CrossBeam 550 FIB-SEM. Authors thank Diamond Light Source Ltd.
for the awards of beamtimes sm32387-1,2, and for funding for P38 offline
equipment: EPSRC, grant no. [EP/R042683/1]. We thank Dr Sam Burholt
for their support with data collection at P38. A.C. acknowledges Spanish
MICINN under the Maria de Maeztu Units of Excellence Programme
(MDM-2016-0618 and CEX2020-001038-M). J.C.R.-C. is grateful for
funding from the SpanishGovernment (PID2019−110709RB-I00), Junta de
Castilla y León (VA317P18), andCentro enReddeMedicina Regenerativa y
Terapia Celular de Castilla y León. The authors thank Leonora Martínez
Nuñez, a professional scientific illustrator, for preparing the commis-
sioned illustrations used in this work (website: https://www.
leonoramartinez.com/).

Author contributions
A.H. and A.M. conceptualised the work and designed the experiments.
A.H., A.C., C.P., and M.F. performed FIB and TEM analysis. A.V.T. carried
out simulation experiments, and T.T. performed the analysis. A.H. and
H.R. performed in vitro cytotoxicity experiments. A.H., G.G., and N.M.P.
analysed the mechanical properties. N.M.P. developed the theoretical
mechanical model, and G.G. applied it. A.H., F.V., and T.H. analysed
tribological properties. C.J.C.E.-G. and N.C. performed SAXS andWAXS
analysis. J.R. performed ‘rub-n-roll’ experiments and analysed by A.H.

and X.F.W. A.H. and B.M. performed AFM experiments and analysed by
F.R. A.H. and I.D. performed isothermal calorimetry experiments. A.W.
provided tooth and sectioned byS.G. A.H., A.M., S.E., J.C.R.-C., A.B., and
S.H. analysed the results. A.H. and A.M. wrote the manuscript. A.M.
supervised A.H.

Competing interests
A.H. and A.M. are two of the co-founders and hold equity in Mintech-Bio
Ltd, a company that has been established to translate this technology.
The other authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-64982-y.

Correspondence and requests for materials should be addressed to
Alvaro Mata.

Peer review information Nature Communications thanks anonymous
reviewer(s) for their contribution to the peer review of this work. [A peer
review file is available].

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

1School of Pharmacy, University of Nottingham,Nottingham,UK. 2Biodiscovery Institute, University of Nottingham,Nottingham,UK. 3Department of Chemical
& Environmental Engineering, University of Nottingham,Nottingham, UK. 4Mintech-Bio Ltd., Biodiscovery Institute, University of Nottingham,Nottingham, UK.
5CIC nanoGUNE BRTA, Av. de Tolosa 76, San Sebastian, Spain. 6IKERBASQUE, Basque Foundation for Science, Plaza Euskadi 5, Bilbao, Spain. 7Department of
Chemistry, University of Strathclyde, Glasgow, UK. 8Nanoscale and Microscale Research Centre, University of Nottingham, Nottingham, UK. 9Faculty of
Engineering, University of Nottingham, Nottingham, UK. 10Department of Animal Biosciences, Swedish University of Agricultural Sciences, Uppsala, Sweden.
11Laboratory of Bio-Inspired, Bionic, Nano,Meta,Materials &Mechanics, Department of Civil, Environmental andMechanical Engineering, University of Trento,
Trento, Italy. 12School of Engineering and Materials Science, Queen Mary University of London, London, UK. 13Department of Dentistry, Regenerative
Biomaterials, Radboud University Medical Centre, Nijmegen, The Netherlands. 14Diamond Light Source Ltd, Harwell Science and Innovation Campus,
Didcot, UK. 15Bioelectronics Laboratory, School of Pharmacy, University of Nottingham, Nottingham, UK. 16Smilestyle Signature Dental Care, 359 Nuthall
Road, Nottingham, UK. 17Faculty of Dentistry,Oral &Craniofacial Sciences, King’sCollege London, London, UK. 18Restorative Dentistry Department, Faculty of
Dentistry, Tanta University, Tanta, Egypt. 19BIOFORGE Group, University of Valladolid, CIBER-BBN, Valladolid, Spain. 20Department of Preventative and
Restorative Dental Sciences, School of Dentistry, University of California, San Francisco, CA, US. e-mail: a.mata@nottingham.ac.uk

Article https://doi.org/10.1038/s41467-025-64982-y

Nature Communications |         (2025) 16:9434 18

https://www.leonoramartinez.com/
https://www.leonoramartinez.com/
https://doi.org/10.1038/s41467-025-64982-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:a.mata@nottingham.ac.uk
www.nature.com/naturecommunications

	Biomimetic supramolecular protein matrix restores structure and properties of human dental enamel
	Results and discussion
	Rationale for the design of the mineralising ELR matrix to emulate enamel development
	Supramolecular assembly of the mineralising ELR matrix
	Structural characterisation of the ELR fibrils
	Coarse-grained simulation of the formation of ELR fibrils
	ELR fibril formation model
	Mineralisation of the ELR fibrils
	ELR matrix-guided preferential crystal growth along the c-axis
	Remineralization of enamel and dentine
	Regeneration of prismatic enamel
	Confirmation of the epitaxial remineralization
	Confirmation of crystallographic integration with collagen fibrils on the dentine surface
	Mechanical and microtribological characterisation of mineralised dentine
	Translation: toothbrushing, chewing and grinding, fracture toughness, and acid attack

	Methods
	Materials
	Fabrication and characterisation of ELR fibrils
	Attenuated total reflection-Fourier-transform infrared (ATR-FTIR) spectroscopy analysis
	Scanning electron microscopy (SEM) analysis
	Transmission electron microscopy (TEM) analysis of ELR fibrils
	TEM analysis of the mineralised ELR fibrils
	Mineralisation of apatite nanocrystals embedded within the ELR matrix
	X-ray photoelectron spectroscopy (XPS) analysis
	Isothermal titration calorimetry (ITC) analysis
	Small angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS) analysis
	Dynamic light scattering (DLS) analysis
	Coarse-grained simulation
	Quantification of β-rich fibrillar regions in ELR membranes
	Preparation of enamel and dentine sections
	ELR coatings on enamel and dentine sections
	Mineralisation experiment
	Mineralisation using natural saliva
	Swelling analysis
	Degradation analysis
	Thermogravimetric analysis (TGA)
	Profilometer analysis
	SEM and energy-dispersive X-ray (EDX) spectroscopy
	Focused ion beam (FIB) lift out and TEM analysis
	Atomic force microscopy (AFM)
	X-ray diffraction (XRD)
	Confocal laser scanning microscopy (CLSM)
	Acid attack
	Nanoindentation
	Apparent fracture toughness analysis
	Coefficient of friction (CoF) and wear strength (WS)
	Toothbrushing abrasion test
	Chewing & grinding abrasion test
	In vitro cytotoxicity assays
	Cell viability determination by MTS assay
	Cell viability determination by Live-dead staining
	Statistical analysis

	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




