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Hierarchicallymimickingouter toothenamel
for restorative mechanical compatibility

Junfeng Lu1,4, Jingjing Deng2,4, Yan Wei 2,4, Xiuyi Yang1,4, Hewei Zhao 1,4 ,
Qihan Zhao1, Shaojia Liu1, Fengshi Li1, Yangbei Li1, Xuliang Deng 2 ,
Lei Jiang1,3 & Lin Guo 1

Tooth enamel, and especially the outer tooth enamel, is a load-resistant shell
that benefits mastication but is easily damaged, driving the need for enamel-
restorative materials with comparable properties to restore the mastication
function and protect the teeth. Synthesizing an enamel analog thatmimics the
components and hierarchical structure of natural tooth enamel is a promising
way to achieve these comparable mechanical properties, but it is still chal-
lenging to realize. Herein, we fabricate a hierarchical enamel analog with
comparable stiffness, hardness, and viscoelasticity as natural enamel by
incorporating three hierarchies of outer tooth enamel based on hierarchical
assembly of enamel-like hydroxyapatite hybrid nanowires with polyvinyl
alcohol as a matrix. This enamel analog possesses enamel-similar inorganic
components and a nanowire-microbundle-macroarray hierarchical structure.
It exhibits toughness of 19.80MPam1/2, which is 3.4 times higher than natural
tooth enamel, giving it long-term fatigue durability. This hierarchical design is
promising for scalable production of enamel-restorative materials and for
optimizing the mechanical performance of engineering composites.

Tooth enamel (especially the outer tooth enamel) plays a key role in
resisting long-term complex external loads throughout a person’s life;
these external loads can generate tooth enamel damage and injure the
entire tooth. Because mature tooth enamel is non-renewable and
cannot undergo self-repair, enamel restoration has become a world-
wide concern, and enamel-restorative materials are needed1. With
respect to the functionality of tooth enamel, excellent comprehensive
mechanical properties such as stiffness, hardness, and viscoelasticity
serve as the important issues for enamel-restorative materials2. How-
ever, higher these mechanical properties are not necessarily better for
tooth restoration3. Specifically, harder and stiffer materials than nat-
ural tooth enamel and those used for enamel restoration excessively
abrase adjacent teeth4,5, and softer materials can potentially lose their

chewing ability to some degree because of the significant deformation
under high loads6. Moreover, materials with insufficient viscoelasticity
are not able to endure impact during chewing; this induces cracks
within the material7 and leads to the failure of the tooth restorative
materials. Therefore, ideal enamel-restorative materials should pos-
sess comparable stiffness, hardness and viscoelasticity to those of
natural tooth enamel. However, current commonly used tooth
restorative materials, including metal, ceramic, and resins8, fail to
effectively address the problem due to the inherent mechanical lim-
itations of these materials and the trade-off between stiffness and
viscoelasticity9.

The excellent mechanical properties of outer tooth enamel ori-
ginate from its hierarchical structure, including both main column
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parallel arrangement and crystal hydroxyapatite (HA) with multiple
amorphous phosphates10. Thus, replicating the hierarchical structure
of outer tooth enamel is a feasible approach for overcoming the
mechanical limitations and trade-off ofman-madematerials, making it
mechanically suitable for enamel restoration11. Several strategies, such
as layer-by-layer7, ice-templated assembly2, wet spinning12, and bio-
mimeticmineralization13,14, havebeendeveloped to synthesize enamel-
inspired materials. However, all presented enamel-inspired materials
could mimic only one- or two-level hierarchies of the outer tooth
enamel (at least three-level hierarchies for outer tooth enamel11). The
mechanical properties of these materials indeed can overcome the
mechanical limitations of traditional engineering materials, such as a
ZnO-based film, addressing the trade-off between stiffness and
viscoelasticity7; however, the exact stiffness, hardness, and viscoelas-
ticity similar to outer tooth enamel is still unattainable due to the lack
of a three-level hierarchy of outer tooth enamel that mimics a hier-
archical nanowire‒microbundle‒macroarray arrangement and chemi-
cal gradients. Hence, mimicking the entire hierarchy of outer tooth
enamel to achieve highly matchable mechanical properties remains
challenging.

In this study, we successfully synthesized a hierarchical enamel
analog (HEA) with the same hierarchical structure and similar inor-
ganic components as that of outer tooth enamel using a sequential
three-step strategy. As a result, the HEA possesses comparable outer
enamel stiffness (84.3 GPa), hardness (3.9GPa), and viscoelasticity

(4.2GPa) for restorative mechanical comparability, as well as out-
standing toughness (19.8MPam1/2) for long-term durability, showing
great potential for enamel restoration. The outer enamel-like hier-
archical structure andhierarchical fracture resistancecontribute to the
excellent mechanical performance of HEAs. This hierarchical design
can facilitate a new path for synthesizing mechanically comparable
enamel-restorative materials and mechanical property optimization.

Results
Structural and mechanical compatibility
The hierarchical structure of tooth enamel was first characterized and
analyzed. At the millimeter scale, we found that tooth enamel shows
gradients in the direction from the outer enamel to the inner enamel;
here, the outer enamel mainly shows a parallel arrangement and the
inner enamel mainly shows a decussation arrangement (Supplemen-
tary Fig. 1), resulting in the difference of mechanical properties (Sup-
plementary Table 1). Since the outer enamel plays a key role in load
bearing15 and the stiffness and hardness are definitely greater than
those of the inner enamel16,17, we focused on biomimetic synthesis and
analysis of the outer tooth enamel. The hierarchies of the outer tooth
enamel can be defined at three levels: hydroxyapatite nanowires (HA,
diameter of 30–40nm) with an amorphous intergranular layer (AIP,
thickness of 3–5 nm, first level); this consists of nonnegligible phos-
phates with diverse ions such asmagnesium, iron, sodium and fluorine
ions (Fig. 1d, and Supplementary Fig. 2)18–20, nanowires that form the

Fig. 1 | Structure andmechanicalpropertiesofHEA. aOptical photographs of the
tooth enamel. b Scanning electron microscopy (SEM) image and structural sche-
matic illustration of the enamel array as the yellow dashed curves shown in the SEM
image. c Transmission electron microscopy (TEM) image and structural schematic
illustration of the tooth enamel. d Magnified TEM image from the red zone in (c)
with the corresponding structure schematic illustration. The results clearly showed
the amorphous intergranular layer (AIP) on the surface of hydroxyapatite (HA)
nanowires. Inset: Corresponding energy dispersive X-ray spectroscopy (EDS) map
of (c). e Optical photograph of HEA. f SEM image and structural schematic

illustration of the HEA array as the white dashed curves shown in the SEM image.
g TEM image and structural schematic illustration of HEA. hMagnified TEM image
from the pink zone in (g) with the corresponding structure schematic illustration.
The results clearly showed the AIP on the surface of HA nanowires, which was
consist with that of enamel. Inset: Corresponding EDS mapping of (g). i Nano-CT
analysis of the HEA sample that presented the hierarchical structure of HEA in
detail. 1-6, Magnified nano-CT images from the slice of the bulk composite and 7,
enlarged nano-CT image from the red box zone in 5 (the white dashed curves
showing the morphology of microbundles).
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microbundles (diameter of 3–4μm, second level, Fig. 1c), and micro-
bundles that form the macroarray (thickness of 2mm, third-level
hierarchy, Fig. 1b)21,22. In addition, natural tooth enamel contains
2–3wt.% water, which also influences its mechanical performance23,24.

The hierarchical structure and outer enamel-like components of
HEA are shown in Fig. 1e–h. HEA could be obtained at the macroscale
and could be easily processed into a tooth-like shape by using
computer-aided design and manufacturing (CAD/CAM) methods
(Fig. 1e). The appearance of the HEA could be easily modified to a
tooth-like state by a commonly used coloring and glazing processes;
these results showed the feasibility of the HEA for potential clinical
applications (Supplementary Fig. 3). The uniform macroarray struc-
ture of the HEA was identical to that of outer tooth enamel in terms of
morphology (parallelly arranged microbundles) and size (diameter of
~3μm) (Fig. 1b, f). These results showed the structural features of outer
tooth enamel, with evidence of a biomimetic third-level hierarchy;
moreover, similar results have not been successfully imitated in bulk
materials. Close observation of the inner structure of the bundles in
HEA (Fig. 1g) indicated that the HEA bundles were assembled from
parallel-aligned nanowires 30–40nm in diameter, similar to outer
tooth enamel (Fig. 1c). The similarity at this scale of outer tooth enamel
and HEA demonstrated that the second hierarchy of outer tooth
enamel was also replicated. Based on an analysis of the nanowires in
the HEA, the features of crystalline HA along the vertical direction,
which were completely surrounded by an AIP layer with abundant Mg
and Fe ions (thickness of 3 nm), were clearly present (Fig. 1d, h). These
results were correlated to the main characteristics of the first-level
hierarchy of outer tooth enamel. To analyzes the structural uniformity
of the HEA, we performed nano-CT on the HEA and found that the
hierarchical structure of the HEAwas uniform across the entire sample
(Fig. 1i). In addition, Fourier transform infrared (FTIR) spectroscopy,
Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS)
characterization were performed (Supplementary Figs. 4–6), and the
results from these techniques verified the chemical connections
between the hybrid nanowires and oleic acid, with enamel-like bundles
and polyvinyl alcohol (PVA), thus strengthening the interface rather
than the physical connection between different components in HEA.

Tooth enamel is renowned for its high stiffness, hardness, and
viscoelasticity, meaning that enamel is strong enough for chewing as
well as high ability to dissipate energy generated by external loads.
Recently, natural tooth enamel was found to possess porous elasticity,
which also contributed to the creep behavior of enamel and the dis-
sipation of energy in addition to the traditionally considered
viscoelasticity25,26 To evaluate the mechanical properties of HEA and
outer tooth enamel and verify the comparability of them, we char-
acterized enamel andHEA using nanoindentation with a load direction
parallel to the nanowires, including both quasistatic (for stiffness and
hardness) and dynamic mechanical analysis (DMA, for viscoelasticity).
The Young’s modulus (E), hardness (H), storage modulus (E’), and
damping coefficient (tanδ) were obtained (Fig. 2a–d, Supplementary
Fig. 7). The average E and H values of the HEA were 86.2 ± 5.1GPa and
3.8 ± 0.3GPa, respectively; these results were consistent with those of
natural enamel (84.3 ± 4.8 GPa and3.9 ± 0.4 GPa) (Fig. 2a, b). Due to the
equivalent stiffness and hardness, if damaged enamel was restored
with HEA, the teeth would be sufficiently stiff to regain mastication
function and avoid damage to the adjacent healthy tooth enamel; to
note, these mechanical compatibilities are difficult to achieve with
current enamel restorative materials. Moreover, the delamination
strength of HEA and enamel is 3.5 folds larger than that of clinically
used ZrO2 and enamel (Supplementary Fig. 8), verifying the strong
interface linking between HEA and the damaged tooth, which is
essential for clinical restorativematerials. As the tooth enamel and our
biomimetic composites are anisotropic, we further measured E and H
of the HEA, enamel and EA by nanoindentation with a load perpendi-
cular to the nanowires; moreover, the E and H values obtained from

different load directions were compared. We found that the E and H
values of HEAs were similar to those of enamel tested in the same load
direction, and the values obtainedby the load parallel to the nanowires
were the highest (Supplementary Fig. 9). Considering that the oral
environment is humid, we further performed the nanoindentation test
onHEA and enamel underwater (Supplementary Fig. 10). Although the
stiffness and hardness of HEA decreased slightly underwater com-
pared with that of dry HEA, but the values were still high and com-
parable to those of enamel under water; as the stiffness and hardness
of enamel also decreased under water (Supplementary Fig. 11, Sup-
plementary Table 2). In addition, HEA exhibited specimen size-
dependent mechanical response owing to its typical hierarchical
structure; specifically, the stiffness and hardness of HEA decreased
with the indenter contact diameter increasing, and these results were
similar to those observed in enamel (Supplementary Fig. 12)27,28.

Given that 10–15 Hz is typically regarded as the highest frequency
that may occur during mastication in an oral environment28, we firstly
tested the dynamic mechanical properties of HEA and enamel at a
dynamic frequency of 15Hz. The HEA simultaneously exhibited high E’
(68.7 ± 4.1GPa) and tanδ (~0.061) values at a frequency of 15Hz, similar
to those of tooth enamel (67.9 ± 3.3 GPa and ~0.06, Fig. 2c, d). The
viscoelasticity of the HEA (viscoelastic figure of merit, VFOM=
E’tanδ = 4.2GPa) far exceeded the limits (0.6GPa) of artificially engi-
neered materials (Supplementary Fig. 13 and Supplementary
Table 3)29; these results contributed to its durability during potential
engineering and dental restoration applications. We attributed this
excellent viscoelasticity of the HEA to the hierarchical crack propa-
gation generated by its hierarchical structure (Supplementary Fig. 14).
Since common mastication events occur at a typical frequency of 1 to
2Hz, we also conducted a dynamic nanoindentation test for HEA and
enamel at the same frequencies. The E’ and tan δ values of HEA were
68.3 GPa and ~0.072 at 1 Hz and 68.1 GPa and ~0.067 at 2Hz, respec-
tively (Supplementary Fig. 15); these results were comparable to the
values at 15 Hz, implying that HEA possessed excellent viscoelasticity
from low to high frequency for almost all kinds of occurring events. In
addition, since the contact area of the tooth during mastication is
1–2mm2, larger than the contact area in nanoindentation DMA test, we
further performed amacro-DMA test (contact area 4mm2) on the HEA
and found that the viscoelasticity slightly decreased compared with
that obtainedbynanoindentation; however, the viscoelasticitywas still
outstanding (Supplementary Fig. 16).

To further understand the significance of the structural hierarchy
on the mechanical performance, we synthesized other enamel-
inspired composites without the complete hierarchy for comparison;
here, one composite had a similar inorganic constituent as HEA but
without the nanowire-to-microbundle hierarchical structure (defined
as EA, Supplementary Fig. 17), and the other had the same hierarchy as
HEA but without Mg or Fe in AIP (defined as HEA-Fe and HEA-Mg,
respectively, Supplementary Figs. 18, 19). The mechanical properties
(E, H, E’, and tanδ) of all above-referenced materials were inferior to
those of HEA (Supplementary Table 4), verifying the ability of the
three-level hierarchy to mimic excellent mechanical properties.

Compared with clinical enamel restorative materials such as
ceramics, alloys, and resins, as shown in Fig. 2f, g, and previously
reported enamel-restoration materials, HEA is the first material that
possesses simultaneous equivalent stiffness, hardness, storage mod-
ulus, and damping properties similar to those of natural tooth enamel.
These comparable mechanical properties are vital for maintaining
daily chewing function with long-term durability, without damaging
adjacent teeth, making HEA promising for clinical applications.

Preparation and regulation
To precisely mimic the three-level hierarchy of outer tooth enamel,
HEA was prepared through a combination of wet-spinning and
magnetic-assisted dual-directional freeze-casting techniques, followed
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by the synthesis of enamel-like HA nanowires with AIP. Specifically,
uniform and enamel-like crystalline HA nanowires (Supplementary
Fig. 20a) were first synthesized through hydrothermal method. To
replicate the chemical gradient of the tooth enamel at the first hier-
archy level, a thin amorphous magnesium and iron phosphate layer
was coated on the HA nanowire surface (HA@Mg/Fe AIP) using a
coprecipitationmethod (Fig. 3a, b).Mg and Fe were evenly distributed
in the amorphous layer, and the thickness of this layer was ~3 nm
(Fig. 3b–d, Supplementary Fig. 20b); this thickness was similar to that
of outer tooth enamel. In addition, the amorphous layer was moder-
ately chemically bonded to the HA nanowires (Supplementary Figs. 21,
22) to optimize the interface. The iron phosphate coating on the HA
nanowire surfaces conferred the hybrid nanowires with paramagnet-
ism (Fig. 3e)30. Second, parallel assembly of the hybrid HA@Mg/Fe AIP
nanowires to form microbundles was achieved through wet spinning
to mimic the second-level hierarchy (Fig. 3f). The presence of chain-
like oleic acid homogenized the arrangement of hybrid nanowires and
shear forces generated by flowing suspensions; this contributed to the
parallel assembly of nanowires with oleic acid, strengthening the
interface in the formed bundles31. Notably, the synchronization of the
injection speed (0.5mLmin−1) and volume ratio of ethanol (0.8) in the
coagulation bath was vital for the formation of the microbundles with
an ordered inner structure (Fig. 3g, Supplementary Fig. 23). The

microbundles were ~3μm in diameter with an ordered nanowire
assembly structure and retained AIP (Fig. 3h, i; Supplementary Fig. 24);
this was similar to outer tooth enamel at the second hierarchy level.
Third, a magnetically assisted dual-directional freeze-casting method
(Fig. 3j) was used to assemble the microbundles in parallel at the
macroscopic scale, with PVA used as the organic matrix. The dual-
directional freezing contributed to the parallel arrangement of these
microbundles (SupplementaryFig. 25), and thepresence ofmagnetism
caused a more uniform arrangement of these microbundles on the
skeleton on a large scale (Supplementary Fig. 26). After freeze-drying,
we obtained a skeleton with oriented microbundles (Fig. 3k, l). We
subsequently compressed the skeleton along the direction perpendi-
cular to the bundles to obtain the final bulk dense composite, HEA; this
process finished the entire hierarchy mimic (Fig. 3m, n).

Using the same strategy as above, HEAs with different distances
between the microbundles were also produced by changing the ratio
between the inorganic and organic components in HEA (1:1-5:1), with
the inorganic nanowire content increasing from 45.94% to 77%;
these were named HEA-1 to HEA-5 (Supplementary Fig. 27). These
HEAs possessed various mechanical properties, including stiffness,
hardness, and viscoelasticity (Supplementary Fig. 28), showing sig-
nificant potential for the special design of tooth restorations in
humans.

Fig. 2 |Mechanicalpropertiesof enamel, hierarchical enamel analog (HEA), and
enamel analog (EA). Themechanical properties including, a Young’s modulus (E),
b hardness (H), c storagemodulus (E’), and d damping coefficient (tanδ). The static
nanoindentation tests (a, b) and dynamic nanoindentation (c, d) were measured
under ambient conditions (25 °C, 15% RH) by a commercial TI 950 triboindenter
(Hyistron) equipped with Berkovich diamond tips (R = 100 nm) along the direction
of parallel to the nanowires (specimen size: 2–3 × 2–3 × 0.5–1.2mm). Further details
of this characterization can be seen in the “Method” (Nanoindentation section).

Error bars represent standard deviation of more than 10 tests of each sample that
were performed on at least three samples of enamel, HEA, and EA, respectively.
e The comparison of mechanical properties between enamel, HEA, and EA.
f The Young’s modulus and hardness of HEA compared with those of enamel
and clinically used tooth restorative materials and reference composites2,7,10,55–60.
g The storage modulus and damping coefficient of HEA compared with those
of clinically used enamel tooth restorative materials and reference
composites2,7,9,10,29,55,56,61–65.
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Durability and biocompatibility
The durability and biocompatibility of HEA are vital factors that need to
be addressed for the potential clinical applications of HEA. A cyclic
contact fatigue test of HEA, enamel and EA at a frequency of 15Hz (the
highest contact frequency in the dental environment32) was performed
with the loaddirectionparallel to thenanowires to simulate oral contact
(Fig. 4a)33,34, and the typical indentation responses induced by the cyclic
contact loading of these samples are shown in Fig. 4b. The three hys-
teresis loops showed the load‒displacement curves for the first and last
cycles of the loading history. For HEA, the last cycle (~150,000)

corresponded to an increase in the maximum indentation depth of
155.7μmwith respect to the first cycle; this depth was far below that of
EA and slightly lower than that of enamel. These results indicated that
the HEA demonstrated strong resistance to external loads during long-
termmastication simulations. Themaximumdisplacement history over
the entire contact fatigue life is shown in Fig. 4c. An inflection points at
~80,000 cycles was observed for the HEA curve, whereas those of
enamel and EAwere ~1000 and ~40,000, respectively; thus, HEA results
in more occlusions without any evident changes, that are the flattest
surface (Fig. 4d-i), the smallest roughness changes (Supplementary

Fig. 3 | Strategy of HEA fabrication for mimicking the entire hierarchical
structure of tooth enamel. a Schematic illustration of the first-level mimicking
process. TheHA@Mg/Fe AIP nanowires were preparedwith themethod of controlled
metal ionic hydrolysis. Further details of this fabrication process can be seen in the
Method (Synthesis of HA@Mg/Fe AIP nanowires section). b TEM image of the
HA@Mg/Fe AIP nanowire. c Corresponding EDS map of the blue zone in (b).
dMagnifiedTEM image fromthegreen zone in (b). eField-dependenthysteresis loops
of the HA and HA@Mg/Fe AIP nanowires. The magnetic test was performed using
PPMS-9 (Quantum Design, USA) with the systemmagnetic field of ±9T at a scanning
rate of 1-200 Gauss/s. Further details of this test can be seen in the Method (Material
characterization section). f Schematic illustration of the second-level mimicking pro-
cess, which was attained via wet spinning. The HA@Mg/Fe AIP microbundles were
prepared with the method of controlling wet-spinning. Further details of this fabri-
cation process can be seen in theMethod (Synthesis of HA@Mg/Fe AIPmicrobundles

section).gEffectsof the injectionspeedandvolumeratioof ethanol in thecoagulation
bath on the preparation of the wet-spinning product. The microbundles of different
sizes in the figure were derived from controlled wet spinning method. The green
region represented fibers, the yellow region represented microbundles with unor-
dered structure and the blue region represented microbundles with ordered struc-
ture. Furtherdetails of this fabricationprocess canbe seen in theMethod (Synthesis of
HA@Mg/Fe AIP microbundles section). h, i HRTEM images of the HA@Mg/Fe AIP
microbundles. j Schematic illustration showing the thirdmimicry level. Themacroarry
was synthesized using magnetically assisted bidirectional freeze casting technique.
Further details of this fabrication process can be seen in the Method (Preparation of
HEA section). k, l Optical photograph and SEM images of the freeze-cast skeleton of
HEA.m, n Optical photograph and SEM images of HEA. The white dashed lines indi-
cated the morphology of microbundles.
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Fig. 29), lowest stiffness/hardness/viscoelasticity decay (Supplementary
Fig. 30) and highest residual strength (Supplementary Fig. 31). Based on
these data, HEA exhibited excellent mastication tolerance and fatigue
properties, and its tolerances and properties were significantly better
than those of the EA and slightly superior to natural tooth enamel; this
showed the importance of the mimicked hierarchy, demonstrating the
potential for long-termservice in a complexdental load environment. In
addition, we also performed contact fatigue tests of HEA and enamel
using the same test conditions at a frequency of 1.5Hz to evaluate the
durability of HEA under the vast majority of oral application conditions
(Supplementary Fig. 32); this frequency is the normal contact frequency
in the dental environment. We found that the maximum indentation
depth ofHEA remainednearly constant during the 150000cycles; these
results showed theultrahighdurability ofHEAundernormal conditions,
similar to that of natural tooth enamel. In addition, the difference of the
E values for enamel, EA, and HEA materials, which were obtained from
the regions of the curves at initial unloading process and nanoinden-
tation, respectively, also showing size-dependent effect (Supplemen-
tary Fig. 33).

Hierarchical interface reinforcement, including the nanolevel, and
microlevel reinforcement, was also found to be vital for mastication
tolerance and fatigue (Fig. 4j). Specifically, the hierarchical nanolevel
interface consisted of two parts: one part is the HA‒AIP interface with
the coordination among Fe3+, Mg2+, P of PO4

3−, and O of –OH (Sup-
plementary Figs. 21, 22) and the other is AIP‒oleic acid, which is likely
associated with the chemical bonding of the metal ions and carboxyl
groups (Supplementary Fig. 4). The hierarchical microlevel interface
consisted of a PVA‒oleic acid interface in addition to the above-
mentioned interface (HA‒AIP, AIP‒Oleic), which resulted in hydroxy-
carboxyl group interactions between PVA and oleic acid (Supplemen-
tary Figs. 4, 6). Thus, these suitable chemical bonds strengthened the
interfacial connections among the nanowires, microbundles, and
polymer matrix, improving the resistance against external loading
during fatigue cycling.

Furthermore, a degree of sliding contact is always present during
occlusion in the oral cavity, which also significantly leads to wear and
associated damage to the loaded surface; therefore, we performed a
toothbrushing wear test35 and characterized the tested samples using

Fig. 4 | Comparison of the durability between enamel, hierarchical enamel
analog (HEA), and enamel analog (EA). a Diagram of the cyclic fatigue test. The
tests were performed on an electro-hydraulic servo fatigue test system at room
temperature with a shinily spherical aluminum steel contact device (radius: 5mm)
at a frequency of 15Hz, using a sinusoidal force of 0–98N for 150,000 cycles
(specimen size: 2 × 2 × 5–6mm). All the tests were performed at least three times.
Further details of this characterization can be seen in the Method (Cyclic contact
fatigue test section). b Contact fatigue properties of tooth enamel, HEA and EA:
evolution in the indentation displacement (δ) resulting from the cyclic contact test.
The results are obtained from the above test methods. Further details of this
characterization can be seen in the “Method” (Cyclic contact fatigue test section).
c The displacement changes versus cycle number of enamel, HEA, and EA. The

results are obtained from the above test methods. Further details of this char-
acterization can be seen in the “Method” (Cyclic contact fatigue test section). d-
iMorphology of the samples before and after the cyclic contact test. The surface of
the HEA only showed more cracks, whereas the surfaces of the other two samples
were broken; these results indicated the outstanding tolerance of the HEA during
the simulated mastication process, which could be attributed to the existence of
hierarchical and gradient structures, the effects of the organic and inorganic
crosslinking and the strong confinement of the polymer chains providing strong
support for the composite. j Schematic illustration of hierarchical interface rein-
forcement, showing the interaction of hydroxyapatite (HA, yellow area), amor-
phous intergranular layer (AIP, brown area), oleic acid (blue area), and PVA
(gray area).
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AFM and nanoindentation analysis (Fig. 5a–c). The mean square
roughness of the tested HEA was ~4.13 nm, which was slightly higher
than that of the original HEA (~3.35 nm) (Fi. 5b). This change was
comparable to that observed in enamel (~3.27 nm to ~4.08 nm), and
muchmoreminimal than that of EA (~3.41 nm to ~12.14 nm). That is, the
enamel-like hierarchical structure endowed HEA superior frictional
resistance compared to the EA that without hierarchical structure, as
the surface flatness of HEA showed only a small change (~0.78 nm)
while EA exhibited a significant change (~8.67 nm). Moreover, Young’s
modulus, hardness, storage modulus and damping of HEA after the
toothbrushing experiment were found to be ~85.4GPa, ~3.7 GPa, ~68.2,
and ~0.062, respectively (Fig. 5c). These values were nearly identical to
those of the original HEA sample (~86.2 GPa, ~3.8 GPa, ~68.7 GPa,
~0.061), and this tendencywas consistent with that observed in natural
tooth enamel, indicating that HEA show outstanding wear resistance.
In contrast, Young’s modulus, hardness, storage modulus and damp-
ing of EA decreased by 15.6 %, 11.5 %, 8.3%, and 3.2 %, respectively,
further demonstrated the significance of mimicking the hierarchal
structure of enamel for HEA. Thus, HEA also exhibited outstanding
longevity when the loading direction was perpendicular to the nano-
wires. The relatively low friction coefficient of HEA likely contributed
to this excellent fatigue resistance with load perpendicular to the

nanowires (Supplementary Fig. 34). Sum up, the HEA exhibited
excellent durability under loads both parallel and perpendicular to the
nanowires, covering the major loads occurring during the dental
events, implying its potential for enamel restoration application.

To demonstrate the bio-performance of the HEA, the HEA and
tooth enamel were cocultured with human gingival fibroblasts (HGFs);
this experiment verified the good biocompatibility of the HEA (Sup-
plementary Figs. 35, 36). In addition, the HEA demonstrated excellent
antibacterial adhesion performance, as shown by bacterial adhesion
tests of both the HEA and tooth enamel (Supplementary Figs. 37, 38
and Supplementary Table 5); these results strongly contributed to its
long-term use in an oral environment36,37.

High strength and toughness
The high strength and toughness contribute to the ability of materials
to resist unexpected loads and prevent sudden damage, and these
aspects are also vital for the durability of enamel restorative materials
as well as more universal engineering applications3,38,39; therefore, we
evaluated the flexural strength of the HEA through a three-point
bending test, using EA and enamel as comparisons; these tests were all
conducted with load perpendicular to the HA nanowires. The HEA
demonstrated a high flexural strength of 159.6 ± 9.2MPa and a fracture

Fig. 5 | The results of toothbrush wear test. a Diagram of the toothbrush wear
test. Specimens (10 × 2 × 2mm)were fixed to the surface of each sample bench and
a 200 g loadwas delivered by soft toothbrushes, all test samples were immersed in
a slurry of toothpaste solution. All the tests were performed at least three times.
Further details of this characterization can be seen in the Method (Toothbrushing
wear test section). b The comparison of AFM analysis about EA, HEA, and enamel
before and after toothbrushing tests. ①-⑥, The AFM images of EA, HEA, and enamel
before and after toothbrushing tests, which are corresponding to the graph. The
sample is fixed on the glass substrate, and the flat area is selected for AFM test.
Further details of this characterization can be seen in the Method (Material

characterization section). cMechanical analysis of HEA, enamel, and EA before and
after toothbrushing tests. The static nanoindentation and dynamic nanoindenta-
tion tests were measured under ambient conditions (25 °C, 15% RH) by a com-
mercial TI 950 triboindenter (Hyistron) equipped with Berkovich diamond tips
(R = 100nm) along the direction parallel to the nanowires (specimen size:
2–3 × 2–3 × 0.5–1.2mm). Further details of this characterization can be seen in the
Method (Nanoindentation section). Error bars represent standard deviation of
more than 10 tests of each sample that performed on at least three samples of HEA,
enamel, and EA, respectively.
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strain of 0.032± 0.002; these were greater than those of EA and
enamel (Fig. 6a, Supplementary Fig. 39). The fracture toughness of the
HEA and reference materials were evaluated via single-edge notched
beam (SENB) tests along the direction perpendicular to the micro-
bundles, and typical force‒displacement curves are displayed in Sup-
plementary Fig. 40. The increase in toughness during stable crack
propagation (KJC) was evaluated by the R-curve effect40,41 (Fig. 6b),

which accurately reflects the toughness performance for engineering
applications42. The KJC of the HEA reached 19.80 ± 2.90MPam1/2, cor-
responding to a 4.2-fold increase compared with initial crack initiation
(KIC, 3.79MPam1/2); additionally, KJC of the HEA was also 1.9 and 3.4
times greater than those of the EA and tooth enamel, respectively
(Supplementary Fig. 41), demonstrating excellent cracking resistance
during deformation. The strength and toughness of HEA-Fe and HEA-

Fig. 6 | Fracture resistance properties ofHEA. a Stress‒strain curvesmeasuredby
the three-point bendingmethod for tooth enamel, HEA, and EA. Inset: The diagram
of three-point bending test. The tests weremeasuredwith a Shimadzu AGS-X tester
along the direction that perpendicular to the nanowires (Sample size:
15–20× 1–2 × 0.5–1.2mm for HEA and EA, 3 ×0.5–1 × 0.5–1mm for enamel). All the
tests were performed at least three times. Further details of this characterization
can be seen in the Method (Three-point bending test and SENB test section).
b Crack resistance curves (R curves) showing the resistance to fracture in terms of
the stress intensity. Inset: The diagram of the SENB test. The SENB tests were also
performed with a Shimadzu AGS-X tester along the direction that perpendicular to
the nanowires (Sample size: 15–20× 1–2 × 0.5–1.2mm and a notch length of
0.4–0.6mm for HEA and EA, 3 × 0.5−1 × 0.5–1mm and a notch length of
0.1–0.2mm for enamel). All the tests were performed at least three times. Further

details of this characterization canbe seen in theMethod (Three-point bending test
and SENB test section). c SEM images of single notch cantilever beam (obtained by
FIB) of HEA-831 nm (c1), HEA-4.23μm (c2), and HEA-11.37μm (c3). d The
force–displacement curves for the in situ single notch cantilever beam test of HEA-
831 nm, HEA-4.23μm, and HEA-11.37μm. The tests were conducted in an environ-
mental scanning electron microscope equipped with an in situ mechanical test
instrument (Hysitron PI-85) equipped with a flat diamond tip (5μm in diameter).
Further details of this characterization can be seen in the “Method” (Single notch
cantilever beam tests section). e The optical photograph of the fracture HEA
sample. f SEM image from in situ SENB tests. gMagnified SEM image from the pink
zone in (f), revealing the crack branches. h Magnified SEM image from the green
zone in (g). i Magnified SEM image from the yellow zone in (h). j, k Schematic
illustration of the fracture process at microlevel and nanolevel, respectively.
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Mg were also tested, and they were lower than those of HEA (Supple-
mentary Table 4). The significant enhancement in toughness by the
HEA comparedwithmaterialswithout the three-level hierarchy further
demonstrated the importance of the hierarchical structure. Moreover,
the strength and toughness of HEA under wet conditions were similar
to those under dry environments, indicating the excellent stability of
HEA (Supplementary Fig. 42).

HEA and enamel possess anisotropic structures; thus, their
strength and toughness are also likely anisotropic. We further per-
formed three-point bending and SENB tests on the HEA and enamel
along the load direction parallel to the nanowires; here, the strength
and toughness of both the HEA and enamel obtained in these parallel
load directions were lower than those tested in the direction perpen-
dicular to the nanowires, but the HEA values were still higher than
those of the enamel obtained in the same load direction (Supple-
mentary Fig. 43). This anisotropic mechanical performance of HEAs
was consistent with those of other biomaterials with hierarchical
structures, such asnacre43. The reason for the higher toughness ofHEA
compared with tooth enamel toughness might be due to the higher
organic content of HEA and the use of PVA as a polymer with excellent
toughness compared with protein in tooth enamel44,45. In addition,
size-dependent mechanical properties are another characteristic of
hierarchical materials. We prepared three single-notched cantilever
beamsof different sizes (onewith a width of 831 nm containing several
nanowires, one with a width of 4.23μm containing one microbundle
and one with a width of 11.37μm containing several microbundles) via
the focused ionbeam (FIB) technique (Fig. 6c, Supplementary Table6).
Results showed that the value of KIC generally decreases with an
increase in specimen size. Specifically, HEA-831 nm showed the highest
KIC value of 9.5MPam1/2, which is about 1.5 and 1.9 folds higher than
that of HEA-4.23μm and HEA-11.37μm, respectively (Fig. 6d). More-
over, all the KIC values of all three samples exceeded the initial crack
toughness of bulk HEA materials (3.79MPam1/2), indicating evident
size dependence, and this phenomenonwas similar to thatof enamel46.

Strength and toughness are consideredmutually exclusive due to
the conflict between intrinsic damage mechanisms and extrinsic
toughening mechanisms47. To explore the underlying mechanisms for
the combined high strength and toughness, the mechanical behaviors
of HEAs were observed through in situ SENB tests by using an envir-
onmental scanning electron microscope (ESEM). The excellent
strength and toughness were attributed to hierarchical fracture resis-
tance (Fig. 6e-i), as shown in Fig. 6j, k. Specifically, when the samples
were under load, the parallel microbundles slid against each other to
dissipate energy, and the parallel nanowires inside the microbundles
also slid against eachother, absorbing additional energy and forming a
unique hierarchical fracture resistance to bear the load. Therefore, this
hierarchical resistance generated large-scale cracks (Fig. 6f) and
reversed crack deflection (Fig. 6g), pulled out and interconnected
microbundles (Fig. 6h) and nanowires (Fig. 6i); these extended the
stable crack propagation route and dissipated energy to obtain
excellent fracture toughness38,42. In addition, due to its hierarchical
behavior under loading, HEA could endure large deformations, which
could stronglyprevent the sudden collapseof theHEA andpromote its
stability during mastication. In comparison, the EA had only one level
of fracture resistance with small crack deflection (Supplemen-
tary Fig. 44).

Discussion
As previously stated, a three-step sequential strategy was proposed to
mimic the three-level hierarchy of outer tooth enamel, namely con-
trollable hydrolysis coating, wet-spinning, andmagnetic-assisted dual-
directional freeze-casting, resulting in the production of a bulk hier-
archical enamel analog. The HEA exhibited comparable stiffness
(84.3 GPa), hardness (3.9 GPa), and viscoelasticity (4.2 GPa) to those of
natural tooth enamel (mainly outer tooth enamel, which plays a crucial

role in mastication and tooth protection). This is due to the highly
structural and compositional similarity between HEA and tooth
enamel. Moreover, HEA exhibited excellent durability during contact
fatigue tests and toothbrushing tests, even under conditions of
extremely high-frequency and oral stress, which were even slightly
superior to those observed in natural tooth enamel. This was due to
the hierarchical interface reinforcement of nanolevel and microlevel,
including the crystal/amorphous interface, organic/inorganic inter-
face, and organic/organic interface. Additionally, the biological
experiments demonstrated HEA is biocompatibility and exhibits anti-
bacterial adhesion. Therefore, it canbe concluded that thematerial has
the potential for enamel restoration applications.

It is also noteworthy that HEA exhibited remarkable strength
(159.6 ± 9.2MPa) and toughness (19.80 ± 2.90MPam1/2), which was
originated from the unique hierarchical fracture resistance in the
context of sliding and pull-out of nanowires and microbundles.
Moreover, the strength and toughness of HEA can be enhanced to
higher values (179.4MPa and 26.90MPam1/2, respectively) while only
slightly reducing the stiffness and hardness of HEA by adjusting the
organic/inorganic ratio (Supplementary Fig. 45). The exceptional
combination of high strength and high toughness indicates that HEA
has the potential for future applications in enamel restoration andmay
also be suitable for some engineering applications. To evaluate the
mechanical advancements of HEAs, we make an overall mechanical
comparison between HEAs and reference materials. The findings
revealed that the toughness and flexural strength of the HEA were
higher than those of natural materials, as well as previously reported
HA-based materials (Fig. 7a, Supplementary Table 7), further implying
themechanical advantages ofHEA for enamel restoration applications.
In addition, the density of a material is an additional factor to be taken
into account when selecting an appropriate one for engineering
applications. Given the relatively low mass density of our fully dense
HEAs (1.46–1.96 g/cm3), a comprehensive comparison of HEAs with
engineering materials was conducted, with specific strength and
toughness calculated for each. The summarized plot demonstrated
that the specific toughness of HEAs (15.2MPa/m1/2/(g/cm3)) is the
highest among engineering ceramics, polymers and metals, while the
value of specific strength for HEAs (101MPa/(g/cm3)) was relatively
high (Fig. 7b, Supplementary Table 8), further substantiating the
superiority of the hierarchical design of HEAs and endowing HEA with
potential applications for building materials, vehicles, aerospace etc.

Particularly, the structure of the inner and outer layers of tooth
enamel is evidently distinct (Supplementary Fig. 1), indicating that the
tooth enamel exhibits a gradient structure from the outer zone to the
inner zone. Consequently, one unchanging objective of the study of
enamel-like materials is to fully mimic the entire structure of a natural
tooth enamel, including both the outer and inner zones, to achieve
gradient mimic. Although this work did not construct a gradient
structure akin to that of tooth enamel, we hypothesized that the
synthesis of a material with an enamel-like gradient structure would
represent another significant advancement in the field of enamel
mimicry, leading to the development of unique mechanical perfor-
mance. Accordingly, we endeavored to achieve an enamel-like struc-
ture gradient in an artificial tooth enamel (Supplementary Fig. 46)
based on our proposed assembly strategy. The oriented nanowires
with several lamellas were obtained by dual-directional freeze-drying
and subsequently cross-stacked to realize the desired arrangement of
nanowires. This preliminary experiment demonstrated the feasibility
of our proposed strategy for the construction of a gradient in artificial
composites and we will continue to pursue the development of a
comprehensive enamel-mimicking material, encompassing both the
outer and inner layers.

In summary, HEA displays considerable potential for utilization in
enamel restoration and engineering applications in a lightweight form
owing to its excellent and tunable mechanical properties, with the
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capacity to match and withstand the demands of these applications.
And the well mimicking of the hierarchical structure related to the
outer enamel may further facilitate the advancement of biomimetic
tooth enamel materials.

Methods
Materials and reagents
NaOH, CaCl2, NaH2PO4·2H2O, FeCl3, and MgSO4 were purchased from
Aladdin Scientific Co., LTD (Shanghai, China). Oleic acid (tech. 90%),
ethanol, (NH4)2HPO4, and PVA (98–99% hydrolyzed, high molecular
weight) were purchased from Alfa Aesar (USA). Polydimethylsiloxane
(PDMS,Mw—4.8 kgmol−1) waspurchased fromBeijingXingde Precision
Instrument Experimental Instrument Co., LTD (Beijing, China). And
human erupted third molars, used in this study, were collected from
patients aged between 18 and 40 years at Stomatology Hospital of
Peking University after signing written informed consent. These are
exempt from IRB approval. Only gender and age information were
provided to the researchers.

Synthesis of HA nanowires
A hydrothermal method was adopted for the preparation of HA
nanowires48, as follows: NaOH aqueous solution (15mL) was slowly
added to a mixed solution dropwise with a 25mL dropping funnel,
which contained 10.5mL oleic acid, 13.5mL deionized water, and 6mL
ethanol in 250mLbeaker. After vigorously stirring for 30min, aqueous
solutions of 12mL CaCl2 (0.333 g) and 18mL NaH2PO4·2H2O (0.936 g)
were successively added into the above mixture via a 25mL dropping
funnel drop by drop with a vigorously stirring (1000 r/min) of 30min,
respectively, to complete the ion exchange and eventually generate
amorphous calcium phosphate precursor. Then, the as-prepared pre-
cursor suspension was transferred into a Teflon-lined stainless steel
autoclave with a volume of 100mL, solvothermal treated at 180 °C for
24 h, thus the crystalline hydroxyapatite nuclei forming and further
growing into ultralong HAP nanowires. After cooling to room tem-
perature, the mixture slurry was collected by centrifugation (7155 g),
and washed with ethanol and deionized water followed by the alcohol
wash (2 g NaOH dissolved in 200mL ethanol). Finally, the centrifugal
collection was freeze-dried for 48 h.

Synthesis of HA@Mg/Fe AIP nanowires
A method to control the hydrolysis of metal ions for the HA@Mg/Fe
AIP nanowires was used inspired by our previous work2. Specifically,
0.053 g HA was added to a mixed solution consisting of 80mL ethy-
lene glycol and 20mL deionized water in a 250mL flask, and stirred
(1000 r/min) for 30min. Then, 0.0109 g FeCl3, 0.1233 g MgSO4, and

0.0111 g CaCl2 were separately added to the above suspension and
stirred vigorously (1000 r/min) for 30min. Finally, 0.0264 g
(NH4)2HPO4 was added to the system and the system was then
immersed in a water bath at 40 °C for 4 h under vigorous stirring
(1000 r/min). The product was collected by centrifugation (7155 g),
andwashed three timeswith deionizedwater and subsequently freeze-
dried for 48 h. Next, the dried samples were calcined at 300 °C for 2 h
in a muffle furnace to obtain the target product, which was ultralong
HA@Mg/Fe AIP nanowires. The HA@Mg AIP and HA@Fe AIP were
similarly prepared according to the above methods except for the
absence of FeCl3 and MgSO4, respectively.

Preparation of HA@Mg/Fe AIP bundles
A wet-spinning method was used for the preparation of HA@Mg/Fe AIP
bundles based on the research49. Briefly, 5.5mL oleic acid, 7.5mL deio-
nizedwater and2mLethanol aswell as90mgHA@Mg/FeAIPnanowires
sample were mixed in a 25mL beaker with vigorously stirred (1000 r/
min). After that, 7.5mL NaOH (0.1 g) aqueous solution in a 15mL beaker
was slowly added to the above solution dropwise via a 15mL dropping
funnel. Then, the as-prepared suspension was transferred into a Teflon-
lined stainless steel autoclave with a volume of 50mL, treated at 180 °C
for 12 h, followedbyvigorously stirring (1000 r/min) for 30min.After the
autoclave cooled down to room temperature, the slurry at the bottom
was collected for further use. Then a 1mL injection syringe was used for
continuously spinning the slurry into the rotating (30 r/min) coagulation
bath at a speed of 0.5mLmin−1, and standing for 5min. The coagulation
bath contained 80vol% ethanol and 20vol% water. Finally, the bundles
were collected by centrifugation (7155g) and subsequently freeze-dried
for 48h. The HA@Mg AIP and HA@Fe AIP bundles were similarly pre-
pared according to the abovemethods via HA@Mg AIP and HA@Fe AIP
nanowires.

Preparation of HEA
Enamel-like aligned lamellar composites were prepared by magneti-
cally assisted bidirectional freeze casting of HA@Mg/Fe AIP bundles
with PVA slurry above a polydimethylsiloxane (PDMS) wedge on a
cooling stage. Briefly, 0.21 g PVA was fully dissolved in 7mL deionized
water within a 20mL beaker in a water bath at 80 °C under vigorous
stirring (1000 r/min). After, various amounts of HA@Mg/Fe AIP bun-
dles (HA@Mg/Fe AIP bundles/PVA = 1:1 to 5:1, mass ratio) were added
to the PVA solution with vigorously stirring (1000 r/min) for 48 h at
room temperature. The slurry was subsequently injected into a Teflon
mold (40 × 20× 30mm) with a PDMS wedge (25°) as the bottom with
the addition of 2.1mg glutaraldehyde (GA, Aladdin). Additionally, a
magnetic field gradient was applied using the edge of a 60mm× 10

Fig. 7 | Comprehensive assessment of the fracture resistance properties
forHEA. a The conflict between strength and toughness: fracture toughness versus
flexural strength for HEA compared with biological materials and HA-based

composites64,66–81. b Ashby chart of specific strength versus specific toughness for a
range of engineering and biological materials12,38,42,43,56,82–87. PMMA, ZrO2 and NiCr
alloys are the clinical-used tooth restorative materials.
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mm×40mm rare earth magnet (Sintered NdFeB magnet, N35, China)
placed parallel to the Teflon mold along the long axis. And the whole
reaction unit was placed on the top surface of a T-shaped copper
cylinder (size: 200 × 30 × 5mm, and the pillar is 5 × 30 × 100mm),
while the lower surface was immersed in a liquid nitrogen reservoir.
During the freezing process, lamellar ice crystals grow in parallel due
to the double temperature gradient. At the same time, the HA@Mg/Fe
AIP bundles in the slurry were ejected from the generating solidifica-
tion front and arranged in parallel to eachother between the ice layers.
Frozen sampleswere sublimated formore than48 h, followedby room
temperature compression at 30MPa for 2 h using an adapted cast
steel die.

The reference HA-based composite (EA) was synthesized
according to the same strategy as above, using the HA@Mg/Fe AIP
nanowires as nanoscale blocks instead ofHA@Mg/Fe AIP bundles. The
other twoHA-based composites based onHA@MgAIP andHA@FeAIP
bundles were prepared as the contrast, named as HEA-Mg andHEA-Fe,
respectively.

Preparation of the gradient enamel-inspired composite
The gradient enamel-like composite was prepared by magnetically
assisted freeze casting of HA@Mg/Fe AIP nanowires with PVA slurry
above a PDMSflatbaseon a cooling stage. Briefly, PVA (0.21 g)was fully
dissolved in deionized water (7mL) in a water bath at 80 °C. After that,
1.05 g HA@Mg/Fe AIP nanowires were added to the PVA solution vig-
orously (1000 r/min) stirring for 48 h at room temperature. Then, the
slurry was injected into a Teflonmold (40 × 20 × 30mm) with a PDMS
flat base as the bottom with the addition of 2.1mg glutaraldehyde.
Additionally, a magnetic field was applied using the edge of a
60mm× 10mm×40mm rare earth magnet placed parallel to the
Teflonmold along the long axis. Thewhole reaction unitwas placed on
the top surface of a T-shaped copper cylinder (size: 200 × 30 × 5mm,
and the pillar is 5 × 30 × 100mm), while the lower surface was
immersed in a liquid nitrogen reservoir. Frozen samples were sub-
limated for more than 48h, then the skeleton was obtained. Secondly,
three skeletonswere stacked frombottomto top, and the two adjacent
frames were rotated 90° clockwise. A thin layer of high-viscosity PVA
solution was applied between the adjacent frames as the interlayer
binder. Then the whole sample system was mechanically compressed
using an adapted cast steel die and densified (80 °C, 30MPa, 2 h) to
obtain the gradient enamel-inspired composite with three layers.

Material characterization
The morphology of all the samples mentioned in the work was char-
acterized with SEM (JEOL-7500F). The surface constituents were ana-
lyzed by EDS (Oxford, INCA Energy 250). The TEM images were
obtained with a JEOL JEM-2100F at an accelerating voltage of 100 kV.
The slicing specimens of HEA were cut using a focused ion beam (FIB,
Helios NanoLab 460HP) and the scanning transmission electron
microscopy—high-angle annular dark field of the sliced specimens
were obtained with FEI G2 at an accelerating voltage of 200 kV. X-ray
diffraction (XRD) analysis were was performed using a SHIMADZU
XRD-6000, with a scan range from 10° to 80° and scan rate of 5°/min.
FTIR was performed using a Thermo Nicoletnexus-470 FTIR instru-
ment. Raman spectroscopy measurements were carried out using a
LabRAMHR800 (Horiba JobinYvon) with an incident laser with 514 nm
wavelength. All of the XPS measurements were taken in an
ESCALab220i-XL (Thermo Scientific) using a monochromatic Al KR
X-ray source. Thermogravimetric analysis was performed with
NETZSCH TG 209F3 at an airflow rate of 10 °C/min. A water contact
angle tester (Kruss DSC100, Germany) was used to test the water
contact angle of different samples. The Zeta potential was measured
on the surface of the sample using a Zeta potentiometer (Malvern
Instruments, Worcestershire WR, UK). The samples for atom probe
tomography analysis were cut by FIB (FEI, Helios 600) according to the

standard protocol50. We used the Cameca LEAP 3000X HR with a
picosecond-pulse high-voltage laser (pulsing mode at 15% pulse frac-
tion) and the target evaporation rate was controlled at 4 ions for 1000
pulses to further determine the structure of tooth enamel. The speci-
men temperature was maintained at 80K and the test vacuum pres-
sure was ~2.5 × 10−11 torr. The data processing and three-dimensional
reconstruction were performed using the CAMECA integrated visua-
lization and analysis software IVAS 3.8.8. The different surface
roughness of enamel was reviewed using atomic force microscopy
(AFM) (Bruker Dimension Icon),where specimenswerepasted on steel
disks. And the AFM operation in the air was conducted to image the
initial morphological state of the samples. Specifically, the sample is
fixed on the glass substrate, and the flat area is selected for AFM test,
which is carriedout on theDimension IconAFMmachine (Bruker,USA)
equippedwith a probe of Scanasyst airmodel at a scan rate of 1 Hz. The
nano-CT analysis was performed as followed: In this experiment, Bru-
ker Skyscan1272 in Germany was used. The X-ray source and detector
were placed on both sides of the turntable respectively. Conical X-rays
penetrated the samples placed on the turntable and were received by
the detector. The samples could be translated horizontally, vertically,
and vertically to change the scanning resolution. After each rotation of
a tiny angle, the projection map is obtained from the X-ray irradiation
sample, and the series of column projection maps obtained after the
rotation of 360° are mapped and reconstructed in three dimensions.
The magnetic test was performed using PPMS-9 (Quantum Design,
USA)with the systemmagnetic field of ±9 T at a scanning rate of 1–200
Gauss/s. The testing temperature was 1.9-400K with a scanning speed
of 0.01–12 K/min.

Nanoindentation
The stiffness of different samples was measured under ambient con-
ditions (25 °C, 15%RH)by a commercial TI 950 triboindenter (Hyistron)
equippedwith Berkovich diamond tips (R = 100nm, 200nm), a square
tip (500nm) and a spherical tip (1μm) using a continuous depth-
sensing indentation technique along the direction of parallel and
perpendicular to the nanowires. If there is no specific discussion, the
tips for nanoindentation are Berkovich diamond tips (R = 100 nm). The
peak forceand load timewere set at 10,000μNand 10 s for quasi-static
nanoindentation, at 200 mN and 20 s for high-load quasi-static
nanoindentation, the hardness and Young’s modulus were calculated
following the methods of Oliver–Pharr51. For the dynamic mechanical
analysis (DMA) experiment, samples were loaded to a maximum force
of 10,000μN from20μNat a frequency of 15Hz and an initial dynamic
force of 20μN. All specimens were cut with a water-cooled, low-speed
diamond saw with a size of 2–3 × 2–3 ×0.5–1.2mm.

In accordance with the methodology employed for the nanoin-
dentation tests conducted in aqueous environments, the sampleswere
positioned within a holder that could be filled with water, thus
ensuring that the sample was completely submerged and surrounded
by a thin layer of water on all sides, and then the tests were performed
using the identical loading method as that employed for the dry
samples with a diamond tip (R = 100nm) immersed in water.

Macroscopic dynamic mechanical analysis test
Samples with dimensions of 2mm×2mm×5mm were mounted on a
dynamic thermomechanical analyzer (303 242 E Artemis, METZSCH,
Germany) at room temperature, and then amaximum force of 45Nwith
a dynamic force of 2.5Nwas applied to the sample in the same direction
as that of the dynamic nanoindentation analysis test, with a frequency of
1–20Hz. The results were collated from a minimum of three tests.

Three-point bending test and SENB test
The flexural mechanical properties were analyzed with a Shimadzu
AGS-X tester by three-point bending tests and in-situ stretcher (Deben
micro-test tensile stage) inQuanta 250F, FEI. For analysis of samples, a
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support span of 7.5mm and a bending displacement rate of 0.1mm/s
were used. The specimens (at least three samples) with a size of
15–20 × 1.2 × 1mm were cut by a water-cooled, low-speed diamond
saw, for three-point bending test. For SENB test, the specimens (at least
three samples)with a size of 15–20 × 1.2 × 0.8mmandanotch lengthof
0.4-0.6mm were cut by a water-cooled low-speed diamond saw, the
notch was sharpened to width less than 50μm by using a razor to
repeatedly slide and the bending displacement rate is 0.01mm/min.
For the analysis of natural enamel, the specimens were prepared the
same as artificialmaterials (Supplementary Fig. 47), while support span
is 2.4mm and size of the specimens are 3 × 1 × 0.8mm for three-point
bending test and 3 × 1 × 0.8mmwith a notch length of 0.1–0.2mm for
SENB test. And all of the size for samples satisfied the ASTM
E1820 standard, including the suggested alternative proportions for
the single-edge bending specimen are 1 ≤W/B≤ 4, the notch height (N)
is ≤0.063W, where the sum of the pre-crack extension and the shar-
pened notch length is≥2N. All specimens for both three-point bending
tests and SENB tests were polished by abrasive papers to remove the
mechanical damages generated by the cutting process and tested
along the direction of perpendicular, longitudinal or transversal to the
HA nanowires. It should be noted here that, if there is no special
explanation, the flexural strength and toughness are tested along the
perpendicular direction to the HA nanowires.

The three-point bending test and SENB test under humid envir-
onmentwere carried out in an environmental chamberwith a humidity
of 98 %, using the same test method as dry samples.
(1) Calculation of stress (σ)and strain (ε).

According to ASTM D790-03, stress and strain were calculated
from the three-point bending force-displacement curves as
follows:

σ=
3FS

2bd2 ð1Þ

ε=
6Dd

S2
ð2Þ

where F is the force, D is the displacement and S is the length of
support span. b and d represent the specimen width and thickness,
respectively. Flexural strength and fracture strain were calculated
using the F and D at failure. The stress and strain for SENB samples are
calculated from the SENB force-displacement curves according to
Eqs. 1 and 2, where the thickness of which is determined as the whole
length without deducting the notch.
(2) Calculation of toughness, KIC and KJC

52.

Determination of crack length: the SENB method, using an equiva-
lence between compliance and crack length to obtain crack propagation
length, was carried out to analyze the toughness. The compliance was
calculated using the relationship C = u

f 0
, where u and f’ represent crack

propagation and force at each point after the departure of a crack,
respectively. Then the crack length was recursively calculated with:

an =an�1 +
W � an�1

2
×
Cn � Cn�1

Cn
ð3Þ

Cn =
un

f n
ð4Þ

Δa =an � a ð5Þ

where W is the width of the sample, a and C are the crack length and
compliance, respectively calculated at the n and n-1 step, Δa is the
extend amount of crack.

The corroboration of compliance calculation: the compliance and
crack length were calculated according to the initial experimental
force versus load-line displacement curve by two equations: one is the
equations (Eqs. 3 and 4) and the other is equation (Eq. 6) in ASTM
E1820 (Supplementary Fig. 48). Whether the values of compliance and
crack length obtained by the two kinds of equations are basically
consistent is the criterion to finish this corroboration.

Ci =
1

EBe

S
W � ai

� �
× 1:193� 1:98

ai

W

� �
+4:478

ai

W

� �2
� 4:443

ai

W

� �3
�

+ 1:739
ai

W

� �4
�

ð6Þ

Where Be ≈ B, E is Young’s modulus, W and B represent the specimen
width and thickness, S is the Span of fixture.

KIC was calculated with the following equations:

KIC =
PicS

BW 3=2
f ða=W Þ ð7Þ

f
a
W

� �
=
3ða=W Þ1=2½1:99� ða=W Þð1� a=W Þð2:15� 3:39a

W + ð aWÞ2

2ð1 + 2a=W Þð1� a=W Þ3=2
ð8Þ

wherePic is themaximum load value in SENB test, S is support span,B is
the thickness, W is the width, a is the initial notch depth of the
specimen.

Details on J-integral calculation: Similar assessmentmethods have
been reported previously for natural biological materials and biomi-
metic compositematerials, a J-integral versus crack extension hasbeen
calculated as the contribution of elastic and plastic contribution. The
elastic contribution, Jel, is based on linear-elastic fracture mechanics:

Jel =
Kic

2

E
ð9Þ

Jpl =
2Apl

Bb
ð10Þ

where Apl represents the plastic area under the load-displacement
curve, B represents the specimen lateral dimension, and b represents
theun-cracked ligament (b =W-a). A geometricmeanof the local stress
intensity factor leads to an equivalent stress intensity factor:

KJC =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðJel + JplÞE

q
ð11Þ

whereKJC is the back-calculated stress intensity factor, Jel and Jpl are the
elastic and plastic contribution of the J-integral, respectively, and E is
Young’s modulus of composite materials.

JðJ = Jel + JplÞ values should be smaller than Bσy/20. Also, crack
extension lengths below Δamax =0.25b are considered to be valid.

In order for the J value (or its equivalent KJ value) to be considered
as a material property (Jc or KJC), the following criteria need to bemet:

B>25Jmax=σy ð12Þ

where σy is the average of composite’s final strengths.

Single-notch cantilever beam tests
The different specimen size of HEA for single-notch cantilever beam
tests were cut by FIB (FEI, Helios 600) and conducted in an environ-
mental scanning electronmicroscope (ESEM) equipped with an in situ
mechanical test instrument (Hysitron PI-85) equipped with a flat dia-
mond tip (5μm in size). During the test, flat tipwas pressed against the
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cantilever from the top with a constant displacement rate of 0.2μms−1

to initiate cracking from the precut notch. The process of crack pro-
pagation was directly observed in the ESEM. The applied load and the
testing process were recorded in real-time by the instrument, and the
load at fracture P was recorded.

KIC was calculated with the following equations46:

KIC = FIσb

ffiffiffiffiffiffi
πa

p ð13Þ

where FI are the geometric functions for tension, with the outer fiber
tensile stress σb given by:

σb = 12
PLp

BW 2
ð14Þ

FI ffi FI, rect 1 +0:87
a
W

� �
ð15Þ

FI, rect =
1:1215

ð1� a
WÞ3=2

5
8
� 5

12
×

a
W

+
1
8

a
W

� �2
+ 5

a
W

� �2
1� a

W

� �6
�

+
3
8
exp �6:1342

a
W

= 1� a
W

� �� �� ð16Þ

Cyclic contact fatigue test
The contact fatigue tests were conducted using an electro-hydraulic
servo fatigue test system at room temperature (Instron, 8872, USA) (See
Supplementary Note 6) and the details of these tests were as follows: a
shinily spherical aluminum steel contact device (commonly used in
contact fatigue tests of tooth) with a radius of 5mm is applied to finish
the contact fatigue test at a frequency of 15Hz and 1.5Hz with a sinu-
soidal force of 0–98N for 150,000 cycles. It was demonstrated that the
load of 98N is often used to describe the average physiological chewing
power of maxillary teeth. Furthermore, the sinusoidal force of 0–98N is
equivalent to the equal effect of oral chewing force in horizontal and
vertical directions53. Furthermore, research indicates that an individual
engages in ~4000chewingcyclesperday,whichequals a total of 150,000
cycles per year at a frequency of 1.5Hz54. Hence, the contact loading of
samples was conducted in load control at a frequency of 15Hz with a
sinusoidal force of 0–98N for 150,000 cycles. The samples were cut into
a cross-section of 2mm×2mm using a precision slicing machine. Then,
the cutting surfacewas polishedbymetallographic sandpaperwithmesh
of #400, #1000, #2000, #3000, and #4000, respectively. After that, the
polished samples were embedded vertically in polymethyl methacrylate
(PMMA) to a depth of ~5–6mm. Finally, the examined samples were
retrieved for further characterization.

Surface roughness calculation
The arithmetic average of the absolute values of the surface height
deviations measured from themean plane within the box cursor using
the equation:

ImageRa =
1
N

XN
j = 1

Zj

			 			 ð17Þ

whereZj is the current Z value, andN is the number of points within the
box cursor, which in this work equals 65,536.

Toothbrushing wear test
HEA (specimen size: 10 × 2 × 2mm) was fixed to the surface of each
sample bench by a self-curing resin to reach the same exposure height
(See Supplementary Note 7). A 200g load was delivered by soft
toothbrushes (Oral-B Indicator 35Toothbrush, ShortHead,UK), and all
test samples were immersed in a slurry of toothpaste (Oral-B Pro-

Health, Procter & Gamble) solution that comprised 16 g of toothpaste
with 100mL of deionized water. The samples were subjected to a total
of 15,000 reciprocal strokes (60 cyclesmin−1) of toothbrushing (a
custom-made machine designed in accordance with ISO/TR 14569-
1:2007), which equates to ~1 year of toothbrushing wear. Once the
15,000 strokemechanical wear testswere complete, the enamel blocks
were disassembled from the resin in order to be observed using AFM
observation and undergo nanoindentation testing.

Abrasion test
Abrasion test onHEA (specimen size: 10 × 10 × 2mm)wasmeasured by
UMT-5 friction testing machine (Brucker, Germany) equipped with a
load of 10–25N and with a crosshead speed of 70 r/min at the tem-
perature of 36.5 °C.

Shear bond strength test
The rectangle specimens were bonded with Embrace WetBond
(3MESPE U200) in enamel slice for the shear bond tests. The shear
bond tests were performed at room temperature by applying a load
parallel to the interface of samples and enamel at a shear speed of
0.75 ± 0.30mm/min by using an Instron 5969 50 kN machine (United
States). A stainless steel jig was driven to realize the shear test by a
stainless steel piston. The shear bond strength (P = F/S, MPa) was
obtained by the relation between the peak fracture force (F, N) and the
contact area of the adherent enamel slice (S, mm2). The results were
statistically analyzedwith a significance level of p <0.05 using the SPSS
17.0 software for Windows (Chicago, IL, USA).

Bacterial adhesion test
Candida albicans (ATCC 25175) was purchased from the China General
Microbiological Culture Collection Center and cultured in brain-heart
infusionmedium (Sigma-Aldrich, St. Louis,MO, USA). Enamel and HEA
were immersed in distilled water, placed in a 5ml test tube and sub-
jected to Co 60 radiation sterilization. For the bacterial adhesion
testing, the enamel blockswere placed in 48-well plates and pretreated
with artificial saliva (A7990, Solarbio, China) for 30min at 37 °C to
mimic the natural oral condition. The optical density of Candida albi-
cans at 530 nm (OD630) was adjusted to 0.02 (~1 × 107 CFU/ml), and a
400μL volume of bacterial suspension was placed onto each enamel
surface. To quantify the bacteria adhering to the enamel blocks,
samples were removed from the bacterial suspension and rinsed with
phosphate-buffered solution (PBS) three times. Samples cultured with
Candida albicans at 37 °C for ~1 and 4 h were fixed in 2.5% glutar-
aldehyde solution, rinsed with distilled water, dehydrated in a graded
series of ethanol solutions (50%, 60%, 70%, 80%, 90%, and 100%) for
15min. They were then observed with SEM. The number of adherent
cells in nine randomly selected 5000-fold magnification fields was
counted, and the number of bacteria in 1mm2 was calculated. After a
12-h incubation period, the antibacterial activity was evaluated using a
live/dead assay kit (Invitrogen, Singapore) for 15min in the absence of
light. Subsequently, the samples were imaged using a confocal laser
scanning microscope (CLSM) (Carl Zeiss, Jena, Germany). The fluor-
escence intensity area of layers from 3D images was calculated using
Image Pro Plus 6.0.

Biocompatibility property test
The biocompatibility property of the materials was tested by co-
culturing with HGF (ScienCel #2620, USA). Cells were cultured with
basal alpha modified Eagle’s medium (α-MEM) added fetal bovine
serum (FBS), 100 × penicillin and streptomycinmixture (Gibco, China).
After sterilization, the enamel blocks from different groups were
placed in 48-well plates andHGFwere seeded at 1.0 × 104 cells per well.
Cell adhesion was tested by laser confocal microscope. After 1, 3, and
5 days of co-culturing, samples were washed with PBS and fixed in 4%
paraformaldehyde for 10min at room temperature. The samples were
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washed three times in PBS andpostfixed in0.1%TritonX-100 for 15min
at room temperature. The sampleswerewashed another three times in
PBS and then blocked by 3% bovine serum albumin (BSA). Later, the
enamel blocks were incubated with 1:200 anti-vinculin primary anti-
bodies (Abcamab129002, UK) overnight at 4 °C. Sampleswerewashed
and incubated in 1:250 anti-rabbit secondary antibodies (Abcam
ab150081, UK) for 1 h at room temperature. Then they were washed
and incubated in 1:200 TRITC Phalloidin (Solarbio CA1610, China) for
1 h and 5mg/ml DAPI solution for 10min at room temperature for
marking of cell cytoskeleton and nucleus. The area of the cell was
quantified using Image Pro Plus 6.0. The rate of cell proliferation was
determined using CCK-8 assay (Dojindo Laboratories, Kumamoto,
Japan). The optical density at a wavelength of 450 nm of the formazan
dye product in the cultures was measured and recorded. The results
were collated from a minimum of three tests for different samples of
enamel and HEA, respectively.

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

Data availability
All data generated in this study are provided in the Supplementary
Information/Source Data file. Additional raw data are available from
the corresponding authors upon request. Source data are provided
with this paper. The data used in this study are available in Figshare
(https://doi.org/10.6084/m9.figshare.27175068). Source data are pro-
vided with this paper.
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