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Figure S1. The low magnification of evolution processes of mineralized collagen 
fibrils. (a) Original collagen fibril, (b) mineralization for 10 min, (c) mineralization for 
30 min, (d) mineralization for 60 min, (e) mineralization for 120 min. (f) Diameters of 
collagen fibrils at different time point during mineralization. (Scale bar in (a-e), 1 μm)



Figure S2. Structure of minerals in external and internal regions. (a) High 
magnification of longitudinal section TEM image (scale bar, 100 nm). (b) SAED 
patterns in external (upper) and internal (lower) regions (scale bar, 2 1/nm). (c) HRTEM 
image of interface between external and internal regions (scale bar, 10 nm). The lattice 
fringes were marked by red (external) and blue (internal), respectively. (d) EDS images 
of external (upper) and internal (lower) region. The content of calcium and fluoride 
elements in the internal region were higher those of the external region, indicated the 
high content of minerals deposited in the inner space of collagen fibrils.



Figure S3. Phase and composition of mineralized collagen fibrils. (a) X-ray diffraction 
of the crystalline CaF2 phases. (b) Fourier transform infrared reflection results of 
organic components. (c) X-ray photoelectron spectroscopy survey spectrum of 
elements corresponding to the organic and inorganic components. (d-f) High resolution 
deconvoluted spectrum of Ca 2p, F 1s and C 1s, respectively. The four deconvoluted 
peaks at 284.1, 285.4, 286.6, and 288.1 eV in the C 1s spectrum are ascribed to C–C, 
C–N, C-O and C-F bonds, respectively, which are predominantly attributed to the 
organic components derived from collagen, C-N bond represented to the amide and C-F 
bond may also be ascribed to the chemical bonding between organic and inorganic 
compounds.

Figure S4. Mineralized products under different reaction conditions. (a) Original 
collagen fibrils, (b) without PAA, (c) with PAA of 400 μg/ml, (d) low content of Ca2+ 
and F-(2.5 mM) with PAA of 200 μg/ml, (e) high content of Ca2+ and F- (10 mM) with 
PAA of 200 μg/ml. (f) with pAsp of 200 μg/ml (Scale bar in (a-d) and (f), 1 μm; in (e), 
2 μm)



Figure S5. The needle-shaped tip of mineralized sample after FIB cutting (Scale bar, 2 
μm).

Figure S6. APT mass to charge ratio spectrum of CaF2 mineralized collagen fibrils. 
Atomic and molecular fragments corresponding to calcium fluoride (mineral), organic 
molecules are marked. The atomic ratio of Ca, F, C, H and O is 49.5, 46.9, 3.36, 0.22 
and 0.05, respectively. The nonstoichiometric of Ca and F in mineralized collagen 
fibrils maybe resulted from the evaporation of F2 during measurement.



Figure S7. APT reconstruction of CaF2 mineralized collagen fibrils. The elements 
distribution of C\H\O were lower than CaF and the merged tomogram shows that the 
collagen molecules were uniformed distributed within the composite fibril. (X: 46.5 
nm, Y: 46.5 nm, Z: 80.4 nm)

Figure S8. A 8 nm slice from figure S7. (X: 46.5 nm, Y: 8.0 nm, Z: 80.4 nm)



Figure S9. Comparison of CaF atomic density in mineralized collagen (a) and the 
substructure of collagen fibril in one period (b). Figure b was cited from ref. 17. 

Figure S10. Energy dispersive spectroscopy (EDS) mapping of mineralized collagen 
fibril for 60 min (Scale bar, 500 nm). (a) TEM image; (b) STEM image; (c-g) Ca, F, C, 
N and O elements, (h) Merge image.



Figure S11. (a) DLS and (b) zeta potential of amorphous CaF2. (c) TEM image of 
amorphous CaF2 after 120 min (Scale bar in TEM, 200 nm; in SAED, 2 1/nm). (d) TEM 
image of mineralized collagen fibril for 30 min (Scale bar, 100 nm).



Figure S12. TEM 3D tomography of mineralized collagen fibril. (a) Slice from a 
section of the three-dimensional volume along the xy plane from (b), (b) segmentation 
of the computer-generated three-dimensional visualization of 30 min mineralized 
collagen fibril, (c) segmentation of the computer-generated three-dimensional 
visualization of 60 min mineralized collagen fibril.



Figure S13. Growth routes in mineralized collagen fibril for 60 min. (a) TEM image 
of an isolated mineralized collagen fibril. (b-d) The high magnification TEM images in 
(a), border marked by different color. (b) orange, (c) green, (d) blue. The infiltration of 
ACF was marked by yellow arrows, the growth direction of minerals was marked by 
red arrows. (Scale bar in (a), 500 nm; in (b), 50 nm; in (c) and (d), 100 nm)
ACF infiltrates into the gap zones and transforms to crystalline phase, then spreads 
along the center axis, finally fills the overlap zone to fully mineralized collagen fibril.



Figure S14. Structure information of mineralized tendon slice. (a) SEM image of 
original tendon on surface (Scale bar, 1 μm), (b) SEM image of mineralized tendon on 
surface (Scale bar, 1 μm), (c) Micro-CT image of mineralized tendon (XZ-plane).

Figure S15. Loading-unloading curves extracted from nanoindentation studies on 
different sections of (a) mineralized tendon and (b) original tendon.



Figure S16. (a) Stress-strain curves of original and mineralized tendons. (b) Tensile 
strength and elastic modulus of original and mineralized tendons in water.

Table S1 Mechanical properties of the reported collagen based composites using 
various testing methods.

Collagen 

composites

Inorganic 

components
Testing methods Mechanical properties Refs.

Collagen sponges silica Compressive Elastic modulus 599.8±166 kPa 

(dry)

Toughness 165.3±5 kPa (dry)

1

Dense collagen gels HAP Compressive Modulus 349±38 kPa (hydrated) 2

Collagen

Scaffolds

Silica/HAP Compressive Modulus 1.0 MPa (dry)

Stress <0.1 MPa (dry)

3

Collagen sponges HAP Compressive Young’s modulus 487.5±78.1 kPa 

(dry)

4

Collagen gel strip Carbonated 

HAP

Tensile Strength ~1.4 MPa (dry)

Apparent modulus ~4.7 MPa (dry)

5

Dense collagen 

scaffolds

HAP Tensile Modulus 1.0 MPa (dry)

Stress <0.1 MPa (dry)

6

Single collagen 

fibrils

Nanocarbonate

d apatite

Nanomechanical 

testing (AFM)

Young’s modulus 13.7±2.6 GPa 

(dry)

7

Collagen 3D 

Scaffold

HAP Nanomechanical 

testing (AFM)

Young’s modulus 8.92±1.21 GPa 

(dry)

8

Collagen sponges Silica/HAP NanoDMA Storage modulus ~7.5 GPa (dry) 9

Densified collagen 

films

HAP Nanoindentation Hardness 0.7±0.1 GPa (dry)

Elastic modulus 9.1±1.4 GPa (dry)

Hardness 177±31 kPa (hydrated)

Elastic modulus 8±3 kPa (hydrated)

10

Self-Assembled Apatite Nanoindentation Modulus 6.49±1.87 GPa (dry) 11



Collagen 3D

scaffolds

Rat tail tendon Fluoridated 

apatite

Nanoindentation Elastic modulus 5.6±2.0 GPa (0.5 

ppm F-, hydrated)

12

CaP-PILP recovered 

bone

HAP Nanoindentation Young’s modulus 14.3 GPa (dry)

Hardness 371.8 MPa (dry)

13

Remineralized 

dentin

HAP Nanoindentation Young’s modulus 18.7 GPa (dry)

Hardness 610 MPa (dry)

14

Human dentin HAP Nanoindentation Young’s modulus 22 GPa (dry)

Hardness 0.7 GPa (dry)

Young’s modulus ~4 GPa 

(rehydrated)

Hardness 0.1 GPa (rehydrated)

15

Human lamellar 

bone

HAP Nanoindentation Young’s modulus 21.2±0.6 GPa 

(dry)

Hardness 0.71±0.01 GPa (dry)

16

Mineralized turkey 

tendon

CaF2 Tensile Tensile stress 13.8±2.5 MPa 

(hydrated)

Young’s modulus 435.3±102.5 MPa 

(hydrated)

This 

work

Mineralized turkey 

tendon

CaF2 Nanoindentation Elastic modulus 25.7±2.4 GPa (dry, 

cross sectional), 25.1±4.1 GPa (dry, 

longitudinal)

Hardness 1.2±0.3 GPa (dry, cross 

sectional), 1.5±0.5 GPa (dry, 

longitudinal)

This 

work
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