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Principles of AM-FM technique 1

In AM-FM, the force gradient between AFM tip and sample ( ) is a function of the tsk

second mode contact resonance frequency shift ( ) 2 2f

                              .                            (S1)0
2 2 22 /tsk k f f 

Herein, and  are the second mode elastic constant of the probe and the second 2k 0
2f

mode free vibration resonance frequency. Assuming that the tip-sample contact 

satisfies the Hertz contact, the force gradient can be written as the function of the 

equivalent elastic modulus of the tip-sample system:

                                 .                            (S2)*2ts ck a E

where is the tip-sample contact radius and denotes the equivalent elastic ca *E

modulus of the tip-sample system. From the Equation (S1) and (S2),  can be *E

derived as a linear function of , with a constant coefficient .2f C

                                                 (S3)* 0
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Since is unknown, a standard reference material with a known elastic modulus is ca

used to determine the elastic modulus of the sample. If the elastic modulus of chosen 

reference material is approximately the same with the sample, the of tip-reference ca

system and tip-sample system are treated to be equal. The constant coefficient can C

be decided by conducting the same experiment with same parameters on the reference 

material and obtaining from tip-reference equivalent elastic modulus and tip-reference 

second mode contact resonance frequency shift.
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For Hertz contact model, the tip-sample contact stiffness is the first derivative of the 

applied force to the resultant deformation:

                        .                         (S4)                                                                                          * *23 6N
N

Fk E RF


 

Here, ,  and  are the resultant deformation, applied force and tip radius  NF R

respectively. By adopting the reference material, the relationship between the 

tip-sample contact stiffness and tip-sample equivalent elastic modulus can be known 

from Equation (S4)
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where , , ,  and  are tip-sample equivalent elastic *
s tipE 

*
ref tipE 

*
s tipk 

*
ref tipk  ck

modulus, tip-reference material equivalent elastic modulus, tip-sample contact 

stiffness, tip-reference material contact stiffness and cantilever spring constant 

respectively. For Hertz contact model,  is the function of elastic modulus of tip Mt *E

and the elastic modulus of the sample Ms: 

                                                          (S6)                                                                                                  * 1 1
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From Equations S5 and S6, Ms can be derived as:

  (S7)* * 3/ 2 * * 3/ 2 1{[( / ) /( / )] / [[( / ) /( / )] 1] / }s ref tip c s tip c ref ref tip c s tip c tM k k k k M k k k k M 
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 Figure S1. The schematic illustration of AM-FM technique 1.    



S5

Calculations of uncertainty and uncertainty propagation3

Quantifying uncertainties in measured properties of nanomaterials is necessary in 

AFM study. The dominant source of uncertainty is the nondimensional photodiode 

sensitivity (m) calibration rather than cantilever stiffness in our study since we scan 

the reference sample with same experimental parameters immediately after acquiring 

the stiffness image of bone sample. The Z-piezo sensitivity ( ZC ) can be checked from 

the manufacture instruction note in our SPM system (MFP-3D, Asylum Research, 

Oxford Instruments, CA, USA). The ZC  is 72.4×10-9 m/V. The output of the data 

reduction equation (DRE) is the elastic modulus ( E ). The DRE for E  has the form

,1 ,1 ,n ,1 ,(Z ,...Z , ,... ,m)v v v v nE f  

where  and are the data points in the force-Z-piezo displacement (F-Z) curve. ,iZv ,iv

The core idea is that how is E changes if m changes a little. The photodiode sensitivity 

( ) can be determined by performing F-Z curves on pure silicon (Fig. S2a). For LC

calibration, 40 F-Z curves are measured. The slope in the curves (V/nm) is determined 

by fitting a line to the upper half of the contact region. is the inverse of this slope, LC

which is approximately 6.74 nm/V. The m is 0.0931 with standard uncertainty 

0.00261.

We adopt the Taylor series uncertainty method to provide uncertainty propagation. 

The Taylor series formula for the uncertainty in E  is given as:

.
1 1

2 2 2 2 2 21 1 1 1 1

1 1

( ) ... ( ) ( ) ... ( ) ( )
v vn v vnE z z m

v vn v vn

df df df df dfu u u u u u
dZ dZ d d dm  

      
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The partial derivatives are evaluated numerically with the central difference method. 

The uncertainty and uncertainty propagation values we calculate from silicon are 4.58 

GPa and 9.16 GPa with 95% confidence interval (CI). We replicate the whole process 

to calculate the uncertainty and uncertainty propagation of our bone samples. Fig. S2b 

shows one sample F-Z curve on mineral from the sham bone sample.

After fitting and Taylor expansion, the uncertainty and uncertainty propagation values 

of mineral from the sham bone are 25.13 GPa and 50.26 GPa with 95% CI. We 

conduct the F-Z measurements, uncertainty and uncertainty propagation calculations 

on collagen fibers and mineral from all the three bone groups (sham, 24 hour CLP and 

96 hour CLP), we can obtain the whole sample uncertainty analysis table. We have 

added this uncertainty analysis table in the Supporting Information (Table S2). 
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Figure S2. Force-displacement curves on (a) pure silicon wafer (These curves are 

used to calibrate the nondimensional photodiode sensitivity (m), which is defined as 

the inverse of the slope (volts/volts) of the deflection versus Z-piezo displacement 

curve in the repulsive regime of tip-sample interaction. There are totally 40 results for 

the fitting of m), and (b) the mineral from the sham bone sample.
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Figure S3. AM-FM images (500nm×500nm) of collagen fibers from the sham (1st 

column), 24 hour CLP (2nd column) and 96 hour CLP (3rd column) bone samples, 

respectively. (a) (b) (c) topography, (d) (e) (f) stiffness and (g) (h) (i) calculated 

elastic modulus images, respectively.
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Calculations of Hamaker constant (H) and minimum distance of approach per 

cycle (dmin) of collagen fibers

For a sphere (tip)-plane (surface) interaction, there exists a well-known model:4-6

,26ts
RHF
d

 

where  is the effective tip radius, is the tip-surface distance and is the R d H

Hamaker constant that accounts for the effects of vdW forces due to tip-surface 

chemistry. The tip we use is AC200TS (Asylum Research, Oxford Instruments, CA, 

USA) with 1st eigenmode spring constant 9.89nN/nm. The tip radius is provided by 

the manufacturer, 10±1 nm. We have employed 10 nm throughout the R  R 

calculations. By fitting the force  in the above equation to the  versus distance tsF tsF

profile, we can obtain the H. For example, by fitting the in the profile in Fig. S4 tsF

(black line), the H of collagen fibers from the sham bone sample can be derived. 

Linear aggression is carried out with the use of the standard lm function.

After the fitting the above profile, the H is 0.0312 atto J for collagen fibers from the 

sham bone sample. We adopt the average H value from 30 tsF versus distance 

profiles. The average H of collagen fibers from the sham bone sample is 0.037 atto J. 

Similarly, we replicate the experiments on collagen fibers from the 24 hour CLP and 

96 hour CLP bone samples. The H values of collagen fibers from the 24 hour CLP 

and 96 hour CLP bone samples are 0.173 atto J and 0.025 atto J. 

After then, the mind can be calculated from 
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where 
2

1 1
1

3 cos( )DF Aa
R

  and 1 1 01 1/DF k A Q , according to the published papers.6-7

Herein, 1 01 1 1, ,A ,k A Q are the 1st eigenmode spring constant, free amplitude, amplitude 

and Q factor. The parameters are 1k =9.89nN/nm, 01A =10.5 nm, 1A =7.48 nm, 1Q

=273.4. The calculated dmin are 0.15, 0.41 and 0.12 nm for collagen fibers from the 

sham, 24 hour CLP and 96 hour CLP bone samples. The dmin of collagen fibers from 

the 24 hour CLP bone sample is larger than the those of collagen fibers from the sham 

and 96 hour CLP bone samples, indicating the probable larger chemical heterogeneity 

of collagen fibers from the 24 hour CLP bone sample. The true, or corrected height  

can be found by adding the dmin  to the measured height value. Moreover, the 

corrected height image can be obtained by adding the dmin map to the measured one. 
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Figure S4. Representative force Fts versus distance (d) profile for the collagen fibers 

from the sham bone sample.
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Figure S5. The elastic modulus charts of collagen fibers from ten (10) different (a) 

sham, (b) 24 hour CLP and (c) 96 hour CLP femur samples, respectively.
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Figure S6. The elastic modulus charts of mineral from ten (10) different (a) sham, (b) 

24 hour CLP and (c) 96 hour CLP femur samples, respectively.
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Figure S7. Mineral particle area and numbers of in-plane (x-y plane) particles 

determined from the AM-FM topography images of sham, 24 hour CLP and 96 hour 

CLP bone samples. 
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Figure S8. Energy-dispersive X-ray spectroscopy (EDS) elemental images and 

quantitative chemical analysis of mineral from the sham bone sample.
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Figure S9. Energy-dispersive X-ray spectroscopy (EDS) elemental images and 

quantitative chemical analysis of mineral from the 24 hour CLP bone sample.
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Figure S10. Energy-dispersive X-ray spectroscopy (EDS) elemental images and 

quantitative chemical analysis of mineral from the 96 hour CLP bone sample.
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Table S1. Probe specification of AC200TS.

Specification Values
150
820

50.51
8~12

200, 40, 3.5
8±2

First eigenmode resonant frequency, kHz
Second eigenmode resonant frequency, MHz
First eigenmode InvOLS,a) nm/V
First eigenmode stiffness k, N/m
Cantilever dimension (L, W, H), µm
Tip radius of curvature, nm
Coating (tip and cantilever) None

a) InvOLS: inverse optical lever sensitivity.
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Table S2. Sample uncertainty analyses on collagen fibers and mineral from the sham, 

24 hour CLP and 96 hour CLP bone samples based on 40 F-Z curves with 95% CI 

respectively.

Variable

( )x
Description Sample Value

(—)

Stand 

uncertainty

( xu )

(—)

Sensitivity

( )dE
dx

(GPa)

Variance 

Contribution

2(( ) )x
dE du
dx

(GPa2)

m Nondimensional 

photodiode 

sensitivity

Sham Collagen 0.0293 0.0006 6.9721 1.79e-5

Mineral 0.0774 0.0095 7.7258 0.0054

24 hour 

CLP

Collagen 0.0779 0.0039 0.2893 1.3e-6

Mineral 0.1106 0.0105 5.7604 0.0037

96 hour 

CLP

Collagen 0.1258 0.0057 0.6521 1.39e-5

Mineral 0.1159 0.0041 8.9153 0.0013

Expanded

uncertainty

(kp=2)

(GPa)

Variance

(GPa2)

E Elastic modulus Sham Collagen 6.22 1.4472 2.8945 2.0945

Mineral 106 25.132 50.263 631.60

24 hour 

CLP

Collagen 1.56 0.6425 1.2849 0.4128

Mineral 102 36.019 72.037 1297.3

96 hour 

CLP

Collagen 5.35 2.0983 4.1966 4.4028

Mineral 57.4 20.176 40.353 407.08
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Table S3. Probe specification of AC160TS.

Specification Values
300
1.67
54.93
33~39

160, 40, 3.7
8±2

First eigenmode resonant frequency, kHz
Second eigenmode resonant frequency, MHz
First eigenmode InvOLS,a) nm/V
First eigenmode stiffness k, N/m
Cantilever dimension (L, W, H), µm
Tip radius of curvature, nm
Coating (tip and cantilever) None

b) InvOLS: inverse optical lever sensitivity.
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