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Abstract
Characterization of bone quality during the healing process is crucial for successful implantation procedures and patient 
comfort. In this study, a bone implant specimen that underwent a 4-week healing period was investigated. Bimodal atomic 
force microscopy (AFM) was employed to simultaneously obtain the morphology and elastic modulus maps of the newly 
formed and pre-existing bone regions within the sample. Results indicate that the new bone matrix possessed lower miner-
alization levels and presented larger, uneven mineral grains, exhibiting the attributes of a woven bone. On the other hand, 
the old bone matrix exhibited a more uniform and mineralized structure, which is characteristic of lamellar bones. The new 
bone had a lower overall elastic modulus than the old bone. Bimodal AFM further confirmed that the new bone displayed 
three regions comprising unmineralized, partially mineralized, and fully matured sections, which indicate a turbulent change 
in its composition. Meanwhile, the old bone exhibited two sections comprising partially mineralized and matured bone parts, 
which denote the final phase of mineralization. This study provides valuable insights into the morphological and nanome-
chanical differences between the old and new bone matrixes and presents a novel approach to investigate bone quality at 
different phases of the bone-healing process.

Highlights

1.	 Bimodal atomic force microscopy (AFM) characterized 
morphology and elasticity at the nanometer scale, with a 
focus on the tissue age difference between newly formed 
and pre-existing bone matrixes in a bone implant speci-
men.

2.	 The new bone revealed three distinct sections: unminer-
alized, partially mineralized, and fully matured sections, 
representing woven bones.

3.	 The old bone revealed two distinct sections: partially 
mineralized and fully matured sections, representing 
lamellar bone.

4.	 High-resolution AFM can serve as an additional indica-
tor to assess bone quality and integrity.

Keywords  Bone quality · Atomic force microscopy · Bimodal AFM · Nanomechanical characterization · Bone tissue age · 
Woven bone · Lamellar bone

1  Introduction

Bones are a complex and dynamic heterogeneous material 
with a highly organized structure [1–3]. Bones can rebuild 
and repair themselves, which follow a well-established 
sequence of events [4]. For instance, after dental implant 
placement, the surrounding bone tissue undergoes damage, 
and bone formation occurs as early as four days postsurgery 
[5]. Fibroblast-like osteogenic progenitor cells are induced 
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and differentiate into osteoblasts, which produce osteoid, an 
early stage of collagen-containing bone matrix; woven bone 
forms as a result [5–7]. The newly formed woven bone is 
characterized by its loosely packed and randomly oriented 
collagen fibril bundles [8–10]. Woven bone plays a crucial 
role in overall bone formation by providing a scaffold for the 
synthesis of well-aligned and strong lamellar bones [9–11]. 
During the 1–3 months of the healing process, the woven 
bone is replaced by a lamellar bone through a bone remod-
eling process, in which collagen fibril bundles are aligned 
and strengthened by mineralization [4, 9]. The microstruc-
ture and degree of mineralization of the bone tissue repre-
sent the bone quality, which is a key factor for the success 
of implantation procedures [12–14]. Bone quality during 
the healing process determines not only implant stability 
but also the risk of complications, such as peri-implantitis 
[15]. Moreover, bone quality is closely related to patient 
comfort and aesthetic outcomes [16, 17]. However, the char-
acterization of bone quality is challenging due to the need 
for multivariable investigations, such as the assessment of 
morphological and mechanical properties and high spatial 
resolution, as the bone-healing and remodeling processes 
occur at the submicron scale [18–20].

In previous studies, various optics-based techniques and 
mechanical tests have been employed to investigate bone 
quality. For example, fluorescent microscopy and micro-
computed tomography have been used to quantify newly 
formed bones and their composition [21–24]; however, these 
procedures do not directly examine mechanical properties. 
Traditional mechanical tests, such as compression or tensile 
test and vibration analysis with piezoceramic transducer, 
can be performed to investigate the mechanical properties 
of bone; however, they aim to investigate the implant stabil-
ity rather than the bone quality itself, but they only provide 
macro-scale properties [25–28]. On the other hand, nanoin-
dentation (NI) is commonly used to examine bone quality 
at a smaller scale [29–33]. However, the typical Berkovich 
indenter tip used in NI limits the lateral resolution to several 
micrometers, which presents a challenge in linking meas-
ured properties with nanoscale morphological information. 
For a considerably higher resolution, atomic force micros-
copy (AFM) with a nanometer-scale cantilever tip has been 
introduced; it provides a morphological map and mechani-
cal properties with nanometer-scale resolution [34–36]. To 
examine mechanical properties, scholars use the AFM can-
tilever tip to indent the sample surface, which provides a 
force–indentation curve similar to that of NI [37–39]. How-
ever, the AFM indentation is relatively slow compared with 
the tapping-mode AFM in obtaining the sample morphol-
ogy. To address this issue, scientists developed the bimodal 
AFM, which provides morphological and nanomechanical 
maps simultaneously with high speed and spatial resolution 
[40–42].

Although bimodal AFM has been widely utilized to 
characterize other heterogeneous materials [43–46], stud-
ies depicting the nanomechanical properties of bone using 
this technique are limited. For instance, the bimodal AFM 
successfully characterized the nanomechanical proper-
ties of bone under pathological conditions, which revealed 
that pathological bones lose their mechanical integrity at 
the collagen fibrillar scale [47–49]. However, the study 
only focused on the comparison of pathological bones with 
healthy bones in mature status. The chronological change of 
bone’s nanomechanical behavior during the natural healing 
process has not been studied using the bimodal AFM despite 
its potential for high-spatial-resolution characterization. In 
addition, the bimodal AFM data were not calibrated accu-
rately in comparison with those of other methods, such as 
NI.

In this study, we aimed to analyze and compare the bone 
qualities at two distinct sites, namely the newly formed 
woven bone matrix and a pre-existing lamellar bone matrix. 
We used fluorescent microscopy to locate the newly formed 
bone at the peri-implant site, and bimodal AFM was 
employed to simultaneously obtain the morphology and 
elastic modulus maps of the old and new bone matrixes. 
Furthermore, we conducted NI to calibrate and compare it 
with our bimodal AFM results. This study provides valuable 
insights into the morphological and nanomechanical differ-
ences between the old and new bone matrixes and presents a 
novel approach to investigate bone quality in different phases 
of the bone-healing process.

2 � Materials and Methods

2.1 � Sample Preparation

The Institutional Animal Care and Use Committee approved 
the use of animal samples in this study. A dental implant was 
placed at the second premolar in the mandible of an adult 
male beagle dog weighing between 10 and 15 kg. To iden-
tify newly formed tissue, calcein labels were intravenously 
injected into the animal before euthanasia. Calcein is a fluo-
rescent dye that selectively binds to calcium ions and incor-
porates into newly formed bone tissue during mineralization, 
which results in the formation of fluorescent bands that can 
be visualized under the microscope [50–52]. The position 
and presence of these bands can be used to determine the 
location of newly formed bone tissue. After 4 weeks of post-
implantation healing, the implanted premolar construct was 
obtained. Given that woven bone undergoes rapid develop-
ment within the initial 4 weeks [5], the sample obtained from 
the 4-week healing period provided an excellent opportunity 
to maximize the differentiation between newly formed and 
pre-existing bone regions. The distinct characteristics of the 
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healing process were effectively captured during this critical 
stage. The extracted specimen was fixed in a formalin solu-
tion for seven days and embedded in methyl methacrylate 
resin. To expose the bone and implant interface, the speci-
men was cut and polished it with 1 µm diamond paste. The 
specimen was cleaned by sonication in de-ionized water and 
prepared on a microscope slide for bimodal AFM and NI 
analysis.

2.2 � Bimodal AFM

Bimodal AFM is an advanced AFM technique that utilizes 
two different modes of the cantilever to simultaneously pro-
vide nanoscale topography and mechanical property infor-
mation [53, 54]. Figure 1a illustrates a schematic of the 
bimodal AFM technique. The first mode is operated with 
an AM feedback loop, and the second one is utilized with 
an FM feedback loop. The amplitude of the first mode was 
used to generate a topographic map of the specimen, and 
the frequency of the second mode was employed to obtain 
an elastic modulus map. In this study, a commercial AFM 
system (MFP-3D infinity, Asylum Research®) and a canti-
lever (AC160TS-R3, spring constant 26 N/m, OLYMPUS®) 
were used. The AM loop was set to the first mode frequency 
of 288.17 kHz and an amplitude of 2.17 V, and the FM loop 
was set to the second mode frequency of 1.63 MHz and an 

amplitude of 10 mV amplitude. Before scanning the sample 
of interest, the AFM cantilever was calibrated with a plastic 
resin that has a similar elastic modulus to the bone. The 
topographic map of the resin measured by bimodal AFM 
(Fig. 1b) displayed a smooth surface. Figure 1c, d shows 
the corresponding elastic modulus map and its histogram, 
respectively, which revealed a Gaussian distribution with a 
mean value of 3.8 GPa and a standard deviation of 0.5 GPa. 
The elasticity of the resin was measured using NI, and a ref-
erence value of 3.8 GPa was obtained for calibration of the 
bimodal AFM parameters (cf. Figure 1e). Figure 1e displays 
the comparison between the NI and bimodal AFM results. 
The findings of bimodal AFM displayed a larger distribution 
than those of NI due to the smaller scale of indentation depth 
and tip radius. Nonetheless, the bimodal AFM technique 
offers a remarkably high resolution and speed, which renders 
it useful for the characterization of small-scale structures. 
Following the calibration with plastic resin, the AFM tip 
was promptly used to analyze the morphology and elastic 
properties of the new and old bone matrixes. Three randomly 
selected areas with dimensions of 10 × 10 and 2 ×  2 µm2 
were scanned in the new bone regions, and three 10 × 10 µm2 
areas and two 2 × 2 µm2 areas were scanned in the old bone 
regions. Each scanning map consisted of 256 × 256 data 
points and contained both the height and Young’s modulus 
maps of the samples.

Fig. 1   a Schematic of bimodal amplitude modulation (AM)–fre-
quency modulation (FM) AFM. The cantilever was driven with two 
simultaneous resonant signals. The topographic information of the 
specimen was provided by tracking the amplitude of the first reso-
nance (AM mode), and the elasticity of the sample was obtained by 
tracking the frequency change of the higher mode (FM mode). To 

calibrate the bimodal AFM, we obtained the morphology b and elas-
ticity map c of a plastic resin using the reference value of 3.8 GPa 
derived from NI. The elastic modulus histogram of the resin d, which 
was measured by bimodal AFM, showed a Gaussian distribution. A 
comparison between the NI and bimodal AFM results is shown in e 
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2.3 � NI

NI is a widely used technique for the measurement of the 
mechanical properties of thin films or small volumes of 
materials [29–33]. A Berkovich diamond tip indents the 
analyzed sample and measures the load–penetration curve. 
A commercial nanoindenter (Nano Indenter XP, MTS) was 
employed in this work. The Berkovich tip was calibrated 
using a fused silica reference sample, which is commonly 
used for NI calibration. To obtain a reference value to cali-
brate the bimodal AFM, we examined the Young’s modulus 
of the plastic resin. A total of 100 points were measured, and 
the indent points were randomly selected with a separation 
of 30 microns. The Berkovich tip was indented to 500 nm 
depth at the rate of 10 nm/s. Following a 30-s hold period, 
the tip was unloaded at 10 nm/s. By obtaining the unloaded 
curve, the elastic recovery of the sample was measured and 
was used to compute the elastic modulus using the conven-
tional Hertzian contact model. To compare the results of 
bimodal AFM, we also employed NI to measure the new 
and old bone matrixes. However, given the limited area of 
the new bone region, only 21 points were measured, whereas 
82 points were indented on the old bone region.

3 � Result and Discussion

Figure 2a shows the optical image of the bone implant sam-
ple, including the metallic implant embedded in the bone 
matrix. Following the implantation procedure, the surround-
ing bone matrix was damaged and underwent a healing and 
remodeling process. After 4 weeks of healing, the gaps 
between the metallic screws were filled with the new bone 
matrix. As a result, the new bone matrix was expected to 
be located near the metallic implant (marked with the red 
box in Fig. 2a) and the old bone matrix to be further away 
(marked with the blue box in Fig. 2a). This spatial pattern 
was confirmed by the fluorescence microscopy images of 
these areas (Fig. 2b, c). Calcein labeling allowed the identifi-
cation of newly formed bone tissue, which displayed a strong 
fluorescent signal under the microscope (Fig. 2b). In addi-
tion, the bone matrix far from the implant (Fig. 2c) did not 
display a strong fluorescent signal. These images indicate 
the different phases of the bone matrix in the two regions 
and highlight the successful integration of the implant into 
the bone matrix.

Figure  3 shows the bimodal AFM maps obtained in 
the new (red) and old (blue) bone regions. Figure 3a, b, 
e, f presents the topographic and elastic modulus maps of 
a 10 × 10 µm2 area, and Fig. 3c, d, g, h displays the cor-
responding maps of a 2 × 2  µm2 area. AFM measured 
the cross-sectional structure of the mineralized collagen 
fibrils, as the sample was cut in a lingual–buccal plane. The 

topographic maps revealed that the new and old bones exhib-
ited a grain-like morphology in the cross-sectional structures 
of their collagen fibrils. Notably, the cross-sectional grains 
in the new bone matrix were larger than those in the old bone 
matrix. In addition, the grain size in the new bone varied, 
whereas the grain size in the old bone was more uniform. 
This trend persisted across other scanning areas in the new 
and old bone regions (Supplementary Information). To con-
firm this observation quantitatively, we identified the grain 
sizes in the two regions using ImageJ software. Figure 4 
shows the filtered outlines of the new bone and old bone 
grains, which corresponded to the 2 × 2 µm2 topographic 
maps of the new and old bones in Fig. 3c, g. A total of 75 
and 144 grains were detected. As expected, the average area 
of the grains in the new bone (0.031 ± 0.036 µm2) was almost 
twice as large as that in the old bone (0.016 ± 0.019 µm2), 
and the standard deviation was also considerably larger in 
the new bone. This result provides evidence of the difference 
in the size of mineralized collagen observed between the 
new and old bone regions.

This difference observed in the grain size between the 
new and old bone regions indicates a structural change in 
the bone matrix during the bone-healing process after a 
dental implant procedure. During a 4-week healing period, 
woven bone is rapidly formed to fill bone loss sites and sub-
sequently replaced by a well-aligned lamellar bone through 
the bone remodeling process [4, 5]. Therefore, the new bone 
matrix was likely predominantly composed of woven bone, 
and the old bone matrix represented a fully developed lamel-
lar bone. Thus, the variations in grain sizes between the new 
and old bone regions characterized the mineralized collagen 
fibrils in the woven and lamellar bone structures. Although 
further research is necessary to gain a more comprehensive 

Fig. 2   a Optical micrography of bone implant sample obtained by 
loupe (×10 Magnification). Fluorescence microscopy image of b 
the new bone regions at the interface of the implant and bone matrix 
and c the old bone regions far from the metal implant. The yellow 
boxes in b and c indicate sample locations of the bimodal AFM scan-
ning area. Under fluorescence microscopy, the new bone regions are 
brighter than the old bone regions because of the calcium labeling, 
indicating the different phases of the bone matrix
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understanding of why woven bone exhibits large collagen 
fibril sizes, we propose two potential explanations for this 
observation. First, the larger grain size in the new bone 
regions can be attributed to oblique sectioning relative to 
the collagen long axis. In addition, the large distribution of 
grain sizes in the woven bone may result from the randomly 
aligned woven bone structure. Conversely, in the lamellar 
bone, the small and uniform mineral particle size represents 
the cross-sectional area of well-structured mineralized col-
lagen fibrils. Second, the size difference can be attributed to 
different mineralization mechanisms in woven and lamellar 
bones. A single collagen fibril increases its diameter through 

intrafibrillar mineralization [55]. However, the precise min-
eralization mechanism remains unclear, and whether min-
eralization occurs in the same or different manner in woven 
bone compared with lamellar bone has not been studied. 
Considering that collagen serves as a template for miner-
alization, the different collagen structures between woven 
and lamellar bones lead to a distinct mineralization process. 
Thus, misaligned collagen in the woven bone can possibly 
lead to different ratios of intra-, inter-, and extrafibrillar 
mineralization, which contribute to the formation of large 
grain-like structures [18].

In comparison with the elastic modulus maps between the 
new and old bones, the new bone exhibited a greater hetero-
geneity than the old bone, which indicates a wider range of 
elastic moduli. Figure 5 summarizes the elastic modulus data 
from these maps and NI measurements. For both regions, 
the data distributions were compared between three differ-
ent data sets obtained from NI measurements, a 10 × 10 µm2 
bimodal AFM map, and a 2 × 2 µm2 bimodal AFM map.

The NI analysis of the new and old bone regions (Fig. 5a, 
f, respectively) revealed different trends in the elastic modu-
lus depending on the tissue age. The histogram in Fig. 5a 
shows a relatively uniform distribution of data points across 
the range of elastic modulus values displayed, which sug-
gests that the bone tissue in the new bone region had a 
significant amount of variability in its mechanical proper-
ties, with no distinct dominant trend. On the other hand, 
the histogram of NI measurements in the old bone region 

Fig. 3   Morphology and elasticity maps of the bone obtained by 
bimodal AFM. a, b exhibit the topography and elastic modulus maps 
of a 10 × 10  µm2 area in the new bone region, respectively, and c 

and d display the maps of a 2 × 2 µm2 area. e, f show the maps of a 
10 × 10 µm2 area in the old bone region, and g, h reveal the smaller 
scale maps of a 2 × 2 µm2 area

Fig. 4   Outlines of the a new bone and b old bone particles cor-
responding to the morphology maps in Fig.  3c, g, respectively. 
The average areas of mineral grains in the new and old bones were 
0.031 ± 0.036 and 0.016 ± 0.019 µm2, respectively
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(Fig. 5f) showed that the data points were concentrated at 
higher elastic modulus values with a smaller distribution. 
This trend is in line with the expected properties of mature 
lamellar bone, which typically has a uniform and well-
defined mechanical behavior. The elastic moduli obtained 
by NI for the new and old bone regions were 8.8 ± 5.8 and 
15.2 ± 3.4 GPa, respectively. Although the NI technique is 
an effective method for measuring mechanical properties 
at the micro-scale, its resolution is limited to the accurate 
examination of mineralized bone structures, which consist 
of mineral grains that are several hundred nanometers in 
size, as shown in the bimodal AFM maps in Fig. 3. When 
the Berkovich tip indents 500 nm in depth, it indents an 
area of approximately 6.12 µm2, which is substantially larger 
than the size of mineral grains [56]. Therefore, the NI tip 
cannot distinguish precisely the nanomechanical properties 
of each bone constituent. Instead, it measured the average 
elasticity of the indented area. This condition resulted in 
an overestimation of the elastic modulus obtained by NI. 
Moreover, the relatively large indentation area required for 
NI measurements limited the number of data points to 21 
for the new bone region and 83 for the old bone region to 
fit the limited space of the specimen. This sample size was 
insufficient compared with the 65,536 data points (256 by 
256 pixels) obtained in each scanning map of the bimodal 
AFM. As a result, determining a comprehensive trend of the 

nanomechanical properties of the bone solely based on the 
NI data was challenging.

Figure  5b, g displays the elastic modulus histo-
gram obtained by summing the three scanning maps of 
10 × 10 µm2 bimodal AFM (additional data shown in Sup-
plementary Information) for the new and old bone regions, 
respectively. Both histograms exhibit a comparable trend of 
decreased counts with respect to the elastic modulus. The 
elastic moduli in the new and old bones were 3.4 ± 3.2 and 
4.8 ± 3.7 GPa, respectively, which are notably lower than the 
values obtained by NI (Fig. 5c, h). Although the bimodal 
AFM results indicate a higher elastic modulus in the old 
bone than in the new bone, the distribution was similar 
between the two regions, which implies that different parts 
of the mineralized structure could not be distinguished. 
This result was partly due to the limitation of bimodal AFM 
techniques and the insufficient spatial resolution of the 
10 × 10 µm2 bimodal AFM. The 10 × 10 µm2 scanning area, 
with 256 by 256 pixels, allowed for a resolution of 39 nm 
and a measurement area of 1.5 × 10−3 µm2. Although these 
numbers were small compared with the mineral grain size 
of a few hundred nanometers, the large scanning area com-
pared with the grain size inevitably included a huge num-
ber of grains with significant topographic variations, which 
resulted in data distortion at the edge of each grain.

Fig. 5   Elastic modulus results of the new and old bones obtained in 
NI and bimodal AFM. Histograms a, b display the elastic modulus 
distributions of the new bone obtained by NI and bimodal AFM scan-
ning of a 10 × 10  µm2 area, respectively. Boxplot (c) compares the 
elastic modulus obtained using (a) NI and (b) bimodal AFM. Histo-
gram (d) exhibits the elastic modulus measured by the bimodal AFM 
in a smaller area (2 × 2 µm2), which revealed three distinct portions 
of the new bone. The unmineralized bone portion was fitted by a 
gamma distribution with a yellow line, and the partially mineralized 
and matured bone portions were fitted by a Gaussian distribution with 

green and cyan lines, respectively. Boxplot (e) represents the elastic 
modulus averaged over the 2 × 2  µm2 map (red) and unmineralized 
(yellow), partially mineralized (green), and matured (cyan) portions. 
Similarly, histograms (f) and (g) and boxplot (h) show the case of 
the old bone obtained by NI and bimodal AFM (10 × 10 µm2). Histo-
gram (i) plots the bimodal AFM results (2 × 2 µm2) of the old bone, in 
which two Gaussian distributions were fitted to represent the partially 
mineralized and matured bone portions. Boxplot (j) indicates the old 
bone data averaged over the 2 × 2 µm2 map (blue) and partially miner-
alized (green) and matured (cyan) portions of the old bone
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To address these issues, we scanned 2 × 2 µm2 areas, and 
their corresponding elastic modulus histograms are shown 
in Fig. 5d, i. The 2 × 2 µm2 scanning area, with 256 by 256 
pixels, allowed for a resolution of 8 nm and a measurement 
area of 6.1 × 10−5 µm2. The new bone histogram data were 
obtained by combining three scanning maps, and the old 
bone histogram data were acquired by summing up two 
scanning maps (Supplementary Information). These smaller-
scale maps revealed additional peaks that were not previ-
ously visible. The new (Fig. 5d) and old bone data (Fig. 5i) 
exhibited a multimodal distribution. The distribution of the 
new bone was successfully fitted using a combination of 
gamma and two Gaussian distributions, and that of the old 
bone was fitted using two Gaussian distributions. The mean 
and standard deviation of each part were determined using 
the least squares method, and the values are compared in 
Figs. 5e, j.

As shown in Fig. 5d, the new bone histogram revealed 
three distinct parts with varying elasticities. The yellow 
line represents the soft part of the bone, which is likely a 
pure collagen structure without minerals, and the green 
and cyan fitted lines denote the partially mineralized and 
matured bone, respectively. The latter two mineralized por-
tions exhibited a Gaussian distribution. The first soft por-
tion followed a gamma distribution, which can be attributed 
to the deceleration of the tissue mineralization process. In 
the new bone region, the unmineralized, partially miner-
alized, and matured bone parts revealed elastic moduli of 
1.0 ± 0.9, 3.0 ± 1.9, and 8.5 ± 4.0 GPa, respectively. Each 
part accounted for a similar portion of the total data set, 
with values of 34.0%, 34.8%, and 31.2%. By contrast, the old 
bone histogram in Fig. 5i exhibits two distinct parts regard-
ing elastic modulus but without the unmineralized portion 
in the new bone matrix. Both parts revealed a Gaussian dis-
tribution with elastic moduli of 3.3 ± 2.1 and 9.6 ± 3.9 GPa. 
Unlike the new bone, the amount of each portion of the old 
bone was distinct, that is, 29.2% partially mineralized and 
70.8% matured bone parts.

The three parts observed in the new bone were consistent 
with the characteristics of woven bone. Given its high turno-
ver rate, the woven bone is prone to undergo a broad range 
of mineralization processes, which range from the forma-
tion of collagen structure to partially mineralized and fully 
matured mineralized structure. The absence of an unminer-
alized portion in the old bone histogram suggests that the 
bone matrix is not undergoing bone resorption and formation 
but rather undergoing the final phase of mineralization. This 
finding is in line with previous studies reporting that the 
mineralization process occurs in two phases: the first phase 
that involves the rapid primary mineralization completed in 
a few months and the second phase that includes the slow 
secondary mineralization occurring over several years [57, 
58]. The comparison of elastic modulus values summarized 

in Fig. 5e, j confirmed that the old bone had a higher elas-
tic modulus compared with the new bone when the data 
were averaged over all parts. However, when comparing the 
partially and fully mineralized portions, both the new and 
old bone exhibited similar elastic modulus values. The old 
bone had a large standard deviation for both portions, which 
indicated that although the majority of the portions were 
occupied by the fully mineralized bone, the matured bone 
maintained a high heterogeneity in terms of nanomechanical 
properties. The presence of such heterogeneity is a critical 
quality that allows the bone to maintain strength and tough-
ness, which contribute to its overall fracture resistance. In 
addition, the similar elastic moduli of the fully mineralized 
portion in the new bone and that in the old bone suggest that 
the maximum elastic modulus is attainable after 4 weeks of 
healing.

Notably, the high-resolution AFM data can provide addi-
tional valuable indicators to assess bone quality. The propor-
tions of unmineralized, partially mineralized, and fully min-
eralized bone parts are critical in defining bone heterogeneity. 
The presence of each part in specific proportions contrib-
uted to the overall mechanical properties of bone, including 
strength, stiffness, and toughness. The capability to quantify 
the proportions of each part using high-resolution AFM pro-
vides valuable insights into the bone remodeling and minerali-
zation process, which is correlated with tissue age. Moreover, 
the nanomechanical characterization of distinct mineralization 
phases, including the value and distribution of elastic modu-
lus, defines not only the mechanical properties but also the 
level of heterogeneity of each phase. This information can 
be used as an additional indicator to assess the quality and 
integrity of bone, which should be important in the diagnosis 
and treatment of various bone diseases [59–61].

To summarize, the bimodal AFM technique with the 
high spatial resolution allowed for the identification of dif-
ferent parts of bone based on their mechanical properties. 
The new bone matrix exhibited three distinct parts, which 
suggests turbulent changes in the composition during the 
4-week healing period. By contrast, the old bone matrix was 
characterized by two regions with a high elastic modulus, 
which maintained tissue heterogeneity. However, a few limi-
tations of this study should be considered. First, the bimodal 
AFM results were affected by contact conditions between 
the AFM tip and the sample, including the contact angle 
and surface roughness. This condition can explain the larger 
elastic modulus distribution observed with bimodal AFM 
compared with NI (Fig. 1). Therefore, the large distribution 
of elastic modulus in each sample can be partially attributed 
to the inherent limitations of bimodal AFM. Second, the 
effect of collagen misalignment on the elastic modulus of 
woven bone was not considered, given the difficulty of cut-
ting the sample perpendicular to the direction of collagen 
fibrils. During mineralization, minerals crystalize and form 
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apatite nanoplatelets along the collagen fibrillar direction 
[62–64], which can potentially lead to anisotropic mechani-
cal properties of the bone, depending on the direction of 
collagen fibrils. Therefore, the wide range of elastic modulus 
in the woven bone can be partially explained by the mis-
alignment of collagen fibrillar structures. By contrast, the 
well-aligned lamellar bone, such as the old bone investi-
gated in this study, can be a great platform to investigate the 
anisotropic properties of bone. For instance, examining the 
nanomechanical properties of a sample cut in the horizon-
tal plane of the mandible can provide valuable information 
to understand bone quality for bone implant applications 
because the mechanical properties in that plane align with 
the functional loading direction during mastication. Despite 
these limitations, bimodal AFM remains a powerful tool for 
simultaneously providing nanoscale information on mor-
phology and mechanical properties. It can aid in the precise 
evaluation of bone quality by identifying the distinct parts 
of bone based on their level of mineralization and provide a 
comprehensive understanding of the structural and compo-
sitional changes that occur during the bone-healing process. 
Furthermore, this method can be used to diagnose other min-
eralized or pathologically calcified tissues [59–61].

4 � Conclusions

In this work, bimodal AFM was employed to characterize 
the newly formed bone in the vicinity of implantation sites 
and pre-existing bone far from the sites. The objective was 
to evaluate bone quality under different tissue ages, which 
is a crucial factor in determining the stability of the implant 
system. The newly formed bone matrix was tracked using 
fluorescent microscopy. Bimodal AFM scanning maps were 
generated for the new and old bone regions, and differences 
in their topography and elastic modulus were observed. The 
new bone matrix was less mineralized and exhibited larger, 
uneven mineral grains, whereas the old bone matrix dis-
played a more uniform and mineralized structure. The over-
all elastic modulus of the new bone was lower than that of 
the old bone. Further analysis using smaller scanning maps 
(2 × 2 µm2) revealed more details regarding the mineraliza-
tion status of the bone. Specifically, the new bone exhibited 
unmineralized, partially mineralized, and fully matured por-
tions, and the old bone displayed partially and fully mineral-
ized parts, which indicates that it retained heterogeneity for 
its material integrity. These findings provide a detailed way to 
evaluate the extent of mineralization, the amount required for 
full recovery, and the evaluation of tissue age. The bimodal 
AFM method is not only suitable for addressing the chal-
lenges of characterizing bone quality in implant systems but 
can also be used to diagnose other mineralized or pathologi-
cally calcified tissues.
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