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ABSTRACT: Sepsis-related bone diseases are rarely reported
although many ICU patients are diagnosed with bone damage
after prolonged immobility. In this work, cortical bone of
femurs from Sprague−Dawley rats under mild sepsis
condition are investigated by using Scanning Probe
Microscopy (SPM) to study the influence of sepsis on the
changes of structure, chemistry, and elastic modulus of bone
microconstituents, i.e., collagen fibers and mineral. The results
show that there are significant changes on elastic modulus,
shape, and chemical composition of collagen fibers 24 h after
the sepsis insult, but all of the changes are recovered to almost
normal 96 h after the insult. These phenomena are found to
be associated with demineralization of the collagen fiber. For
the mineral constituents in bone, the elastic modulus decreases significantly 96 h after the insult, showing slower responses
compared with those in the collagen fibers. Particle analysis reveals that the size of the mineral particles decreases continuously
and significantly with the time after the sepsis insulting. This work reveals the responding processes of bone microconstituents
to sepsis in rat mode and, hence, can provide an insight into the pathogenesis of sepsis related human bone damage.
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1. INTRODUCTION

Bone is a natural nanocomposite material forming the skeleton
of the body. The microconstituents of bone are tissues and
proteins (organic phase components), minerals (inorganic
phase components), and water. Typically, the organic phase
consists of biomacromolecules (type I collagen and non-
collagenous proteins) while the inorganic phase mainly consists
of hydroxyapatite (HA) crystals.1 As a result of the complex
hierarchical structures consisting of both biomacromolecules
and minerals with certain porosity,2 bone is stiff and tough in
general.3−5 Bone constituent analysis is normally divided into
four size scales: nanoscale (measured in nanometers),
submicroscale (one to tens of microns), microscale (tens to
hundreds of microns) and mesoscale (hundreds of microns to
millimeters or more).6 Nanoscale analysis demonstrates that
Type I collagen occupies 90% of the organic phase in bone.7

Type I collagen molecules and HA crystals are arranged in a
staggered pattern to form mineralized collagen fibers that are
approximately 100−200 nm in diameter.8 In bone structures,

the mineralized collagen fibers are embedded in the mineral
matrix.
Sepsis is a clinical condition that occurs when the body’s

inflammatory response to infection results inmultiorgan damage
and/or failure.9 It was reported that sepsis could cause bone
density loss and increase the risk of bone fracture.10−12 At
present, BMD (bone mineral density) is the gold-standard test
for bone loss. However, one limitation is its inability to examine
changes of the nanoscale structure as well as the mechanical
strength of the bone, both are vital components of the bone
health. From the engineering point of view, techniques
frequently applied for assessing the structure of bones include
optical/electronic microcopy, X-ray diffraction (XRD),13 and
Raman spectroscopy,13,14 but these techniques have significant
disadvantages in terms of radiation damage and relative low
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resolution (submicroscale). It has been reported that ultrasound
waves can be used to assess elastic properties of cancellous
bone,15 but the accuracy of this technique is unclear.
Nanoindentation, the most widely used experimental method,
can be used to assess the bone’s elastic modulus and hardness at
submicroscale level,16−18 but with difficulties in separating the
mechanical properties of collagen and mineral. Further, it can
lead to local plastic yielding and permanent deformation of the
sample.19 Atomic force microscopy (AFM) can be used to
characterize the mechanical properties with a nanometer spatial
resolution but with minimal applied force, usually in the order of
nano-Newtons (nN).20 In addition to the extensively used single
point AFM-based nanoindentation method,21−24 Wenger et al.
used the time-consuming force volume mapping to visualize the
stiffness of single type I collagen fibers.25 Campbell et al.
successfully adopted contact resonance force microscopy (CR-
FM) technique to map the nanostructure and transformed
elasticity image from contact resonance frequency image of the
osteochondral interface.26 In the past few years, the multi-
frequency AFM techniques27−37 (including bimodal AFM),
where two or more eigenmodes of the probe cantilever are
simultaneously excited during the AFM scan, have emerged and
attracted many attention. Through exciting higher harmonic of
the AFM cantilever, bimodal AFM provides fast imaging of
morphology as well as elastic property of materials at the same
tine.38 According to the selection of either amplitude
modulation (AM) or frequency modulation (FM), bimodal
AFM can be divided into AM−AM mode, AM−FM mode, and
FM−FM mode.39 For example, the newly developed AM−FM
approach realizes high-resolution scanning images of materials
via amplitude tapping mode (topography by AM) and high-
sensitivity frequency modulation mode (elasticity by FM).39 Li
et al. recently reported that collagen fibers from an osteogenesis
imperfecta mouse (oim) model exhibit significantly lower mean
stiffness and smaller deviation than those in the wild-type mouse
using the advanced bimodal AM−FM technique.40 A recent
study has investigated the effects of sepsis to the mechanical
properties of bone by using multiple techniques including AM−
FM.11 It was observed that the collagen andmineral responses to
the sepsis insult in the different time scales.11 In this study, we
will therefore further quantify the change of nanoscale structure
and elastic modulus of both collagen fibers and minerals of the
femur cortical bones from both sepsis and control wild-type rats
using the AM−FM technique. By using the AM−FM technique,
topography, and stiffness images can be obtained simulta-
neously. It is reported that the stiffness obtained in dynamic
AFMmeasurements depends on both the elastic modulus of the
sample and the geometry of the AFM tip.41,42 In addition, the
geometry of AFM tip may change during the contact mode
scanning, which can affect measurement accuracy of the
stiffness.42 To improve the measurement accuracy, we adopt
appropriate reference material and Hertz contact model43 to
derive the elastic modulus map from the AM−FM stiffness map
without determination of tip and tip−sample contact radii
(Supporting Information (SI)). After each scan of bone samples,
the reference material is immediately scanned with the same tip
to ensure that the tip geometry remains unchanged at utmost. It
should be noted that the elastic modulus of the reference
material should be similar to that of the test sample so that the
contact radii of tip−sample and tip−reference material systems
can be treated to be equal.39 To the best of our knowledge, this
work is the first and complete nanoscale visualization of elastic

modulus and structure features of both collage fibers and
minerals of the bone samples from the sepsis model.

2. MATERIALS AND METHODS
2.1. Animal Preparation. Twelve-week old male SD rats (300−

350g) were used in the mild sepsis mode, which were housed and given
access to food and drink ad libitum for at least 3 days to allow for
acclimatization. Then, the rats were randomly divided into one sham
and two Cecal Ligation Puncture (CLP) groups. After sepsis insult, rats
were housed individually. The two CLP groups were euthanized after
24 and 96 h of the insult, respectively. (The sepsis rat-mode was
developed under the guidelines of the National University of Singapore
(NUS) Institutional Animal Care and Use Committee (Permit
Number: IACUC R14-1434) at School of Medicine, NUS under the
support of the Eng-Med collaborative project.)

2.2. Cecal Ligation and Puncture. Rats were anesthetized by
inhalation with 2 to 5% Isoflurane (Baxter Healthcare Corporation) in
100% oxygen using anesthesia equipment. A 2 cm long midline incision
was performed through the skin and then through the linea alba under
sufficient anesthesia. The cecum was identified and lifted out of the
peritoneal cavity. In the sham group, the cecum was replaced without
ligation or puncture. While in the CLP groups, the cecum was ligated
tightly in a manner that conserved bowel continuity and punctured in a
single pass through the anterior and posterior walls with an 18G needle
(Terumo). Then the laparotomy was closed with suture (B. Braun). At
the end of the operation, the animals were given fluid resuscitation and
analgesia and returned to individual cages. Femurs were collected after
24 and 96 h of the insult, respectively. Hence, the three types of bone
samples are collected and named as sham, 24 h CLP, and 96 h CLP,
respectively.

2.3. Sample Preparation. In preparation of the samples for the
AFMmeasurements, the femur bones of the sham and two CLP groups
were rinsed thoroughly and adherent soft tissue was scraped away
carefully. Femurs were sectioned by a slicer (Struers, Fuse 2, 5 AT,
Denmark) and the middle part was kept for measurements with
thickness of approximately 10 mm. Subsequently the bones were left to
dry in air for an hour and then embedded in epoxy resin (AMET, India).
In order to increase its viscosity and avoid the infiltration of resin into
the pores, the epoxy resin and hardener were mixed and allowed to cool
down for 10 min prior to embedding the bone samples. The bones with
resins were left to polymerize at room temperature. After polymer-
ization of the epoxy resin, the bone samples were sequentially polished
using increasing grades of carbide papers (P800−P4000) and further
polished with 0.3 and 0.05 μm alumina powder. Samples were then
sonicated in acetone to remove the residual epoxy resin surrounding the
samples. Finally, the samples were air-blown dried.

2.4. Principle of Bimodal Atomic Force Microscopy. By
simultaneously exciting the second or higher eigen-frequency, bimodal
atomic force microscopy can achieve fast imaging of sample
topography, elastic, and composition information on materials.44

Simultaneous actuating of two or more eigenfrequencies can improve
the coupling of different modes.45 Combination of the feedbacks of the
first resonance amplitude (AM) and the second resonance frequency
shift (FM) are known as AM−FM technique.46 The principle of AM−
FM mode of bimodal AFM and the setup are shown in Figure S1 (SI).
In this work, the AM−FM technique is based on the commercial AFM
system (MFP-3D, Asylum Research, Oxford Instruments, CA, U.S.A.).
The tip−sample interaction was set in the repulsive regime (phase
<90°) in order to achieve a certain indentation depth (usually a few
nanometers) into the sample surface. The drive amplitudes for the first
and second eigenmode were ∼105 and ∼0.5 nm, respectively. The
much smaller drive amplitude for second eigenmode was chosen to
avoid the perturbations to the first eigenmode cantilever oscillation.40

3. RESULTS AND DISCUSSION

3.1. AM−FM Characterization of Collagen Fiber. The
commercial AFM probe (AC200TS, Asylum Research, Oxford
Instruments, CA, U.S.A.) with calibrated first eigenmode spring
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constant of 8.98 N/m by the thermal noise method is used to
characterize the collagen fibers. More specific probe parameters
are summarized in the Table S1 (SI). A polyethylene
terephthalate (PET) wafer (with elastic modulus of 3.599 GPa
(determined from nanoindentation experiments) is chosen as
the reference material in order to determine the elastic modulus
of the collagen fibers. It is worth noticing that the nondimen-
sional photodiode sensitivity (m) of the AFM, which is defined
as the inverse of the slope (volts/volts) of the deflection versus
Z-piezo displacement curve in the repulsive regime of the
interaction, can cause the experimental uncertainty in
determination of the elastic modulus in the study (SI).47

Hence, we perform the uncertainty analyses on the results of the
collagen fibers of the sham, 24 h CLP, and 96 h CLP bone
samples based on 40 force-Z-piezo distance (F-Z) curves with
95% confidence interval (CI), respectively, the results are shown
in Table S2 (SI). All the AM−FM images are composed of 256×
256 scanning points. The topography, stiffness, as well as the
calculated elastic modulus images of collagen fibers in cortical
bone of the sham and twoCLP bone samples are shown in Figure

1 and the related data can be found in Table 1. In addition,
Figure S3 (SI) offers an extra set of AM−FM results of collagen
fibers from different collagens in the three groups of bone
samples.
As shown in the topography images (Figure 1a−c), the

measured height differences of the collagen fibers on the
polished bone surfaces are about 30.8, 35.0, and 31.0 nm for the
sham, 24 h CLP, and 96 h CLP bone samples, respectively. The
roughness (Ra) values are 3.99, 9.11, and 7.39 nm accordingly
(as shown in Table 1) by using commercial software from the
AFM system (Igor Pro 6.3.7, WaveMetrics, OR, U.S.A.). In the
additional topography images showed in Figure S3 (SI), the
measured height differences are 24.0, 15.0 and 35.8 nm for the
sham, 24 h CLP, and 96 h CLP bone samples with Ra of 4.54,
2.76, and 8.64 nm, accordingly. The measured height may be
due to both morphological height and the changes in chemistry
of the samples. By conducting 30 force measurements (Figure
S4, SI) in the noninvasive attractive regime on the collagen fibers
from the sham, 24 h CLP, and 96 h CLP bone samples, we have
obtained their Hamaker constants (H) and the minimum

Figure 1.AM−FM images (800 nm× 800 nm) of collagen fibers in the sham (first column), 24 h CLP (second column), and 96 h CLP (third column)
cortical bones, respectively. (a−c) Topography, (d−f) stiffness, and (g−i) calculated elastic modulus images, respectively.

Table 1. Summary of the Quantified Data from AFM Measurements

sham 24 h CLP 96 h CLP

collagen roughness (polished samples) 3.99 nm 9.11 nm 7.39 nm
collagen contact stiffness (from AM−FM image) 1.17−1.79 N/m 396−696 mN/m 1.0−1.57 N/m
collagen modulus (calculated) 4.03−8.41 GPa 0.96−2.16 GPa 3.40−7.32 GPa
mineral roughness (polished sample) 15.95 nm 20.61 nm 9.72 nm
mineral contact stiffness (from AM−FM image) 0.85−1.59 N/m 0.77−1.47 N/m 709−988 mN/m
mineral modulus (calculated) 68.1−144 GPa 70.2−134 GPa 41.3 - 73.7 GPa
calcium contents (EDS) 2.8% 4.96% 0.41%
particle height (from AFM image) 18.38 ± 2.13 nm 15.74 ± 0.85 nm 11.14 ± 1.92 nm
particle percentage (from AFM image) 58.7% 60.6% 61.2%
average particle area (from AFM image) 0.36 μm2 0.29 μm2 0.18 μm2
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distances of approach per cycle (dmin) in which it can be
interpreted as the chemical change and height loss due to the
chemistry heterogeneity.48−51 The detailed calculation proce-
dures can be found in the corresponding section of the
Supporting Information (SI). The H constants are 0.037,
0.173, and 0.025 atto J, and the dmin values are 0.15, 0.41, and
0.12 nm for the collagen fibers for the sham, 24 h CLP, and 96 h
CLP bone samples, respectively. The dmin values are about
0.49%, 1.17%, and 0.39% of the measured height of collagen
fibers in AM−FM topography images for sham, 24h CLP, and
96h CLP bone samples. The largerH contant (0.173 atto J) and
dmin value (0.41 nm) demonstrate that the chemical change and
height loss due to chemistry heterogeneity are more significant
in collagen fibers from the 24 h CLP bone sample than those
from the sham and 96 h CLP bone samples. In addition, it is
noticeable that all the collagen fibers from the sham, 24 h CLP,
and 96 h CLP bone samples display the characteristic D-periodic
structures.52,53 Interestingly, the collagen fibers from the 24 h
CLP bone sample show curved shape compared to the straight
shape of the collagen fibers from the sham and 96 h CLP bone
samples [Figure 1a−c, and Figure S3a−c (SI)]. The curved
shape of the collagen fibers observed from the 24 h CLP bone
sample most likely indicates that the shape changes in the
collagen fibers of bone due to the sepsis insult. It is expected that
such shape changes is due to the reduction of mechanical
strength of the collagen fibers. This is further revealed from the
stiffness images (Figure 1d−f) showing that the collagen fibers
from 24 h CLP bone samples have much lower contact stiffness
(396−696 mN/m) than those from the sham (1.17−1.79 N/m)
and 96 h CLP bone samples (1.0−1.57 N/m) (Table 1). The
additional stiffness images (Figure 3d−f, SI) also show the
collagen fiber from the 24 h CLP bone has much lower contact
stiffness (306−536 mN/m) than those from the sham (1.22−
1.85 N/m) and 96 h CLP bones (0.76−1.63 N/m). Figure 1g−i
are the images of calculated elastic modulus. It can be observed
that the elastic modulus of collagen fibers shows a trend of
decreasing from 4.03 to 8.41 GPa (the sham bone sample) to

0.96−2.16 GPa (24 h CLP bone sample) and then increasing to
3.40−7.32 GPa (96 h CLP bone sample) (Table 1). In Figure
S3g−i (SI), the elastic modulus decreases from 4.8 to 8.2 GPa
(the sham bone) to 0.98−2.05 GPa (24 h CLP bone) and then
increases to 4.35−7.65GPa (96 h CLP bone). It is found that the
calculated elastic moduli of collagen fibers from the sham, 24 h
CLP, and 96 h CLP bone samples are close to the values reported
in the literatures.25,54 The uncertainty analyses (Table S2, SI)
reveal that the uncertainty values are 1.45, 0.64, and 2.10 GPa
whereas the uncertainty propagation values are 2.89, 1.28, and
4.20 GPa due to the changes ofm values for collagen fibers from
the sham, 24 h CLP, and 96 h CLP bone samples, respectively.
For statistical purposes, we plot the elastic moduli of collagen

fibers in 10 different AM−FM images (each contains 1−3
collagen fibers) from 10 different femurs for the sham, 24 h CLP,
and 96 h CLP bones respectively in Figure S5 (SI). In total, 20−
30 collagen fibers are randomly selected for statistical analysis. It
can be observed that the collagen fibers from 24 h CLP bones
(Figure S5b, SI) have lower elastic moduli than those from the
sham bones (Figure S5a, SI) and the 96 h CLP bones (Figure
S5c, SI).

3.2. Nanoscale Structure Analysis of Collagen Fiber.
We further plot the corresponding measured height and elastic
modulus line profiles (Figure 2) along the lines a−b, c−d, and
e−f in Figure 1a−c. For the collagen fibers from the sham and 24
h CLP bones, the measured height protrusions have local
minimums of elastic modulus while the measured trenches
height have the local maximums of elastic modulus, which
demonstrates the trench zone (expected to be gap zone) is
generally stiffer than that in the protrusion zone (overlap zone),
and this observation agrees with what reported in the
literature.40 However, the correspondence of measured height
and elastic modulus can be hardly seen in the collagen fiber in 96
h CLP bone. This finding suggests that the nanostructure of
collagen fiber is still affected even 96 h after the sepsis insult. On
the basis of those AM−FM experiments, it is expected that the
mechanical property of collagen fiber decreases 24 h after sepsis

Figure 2.Corresponding height and elastic modulus line profiles along the lines in Figure 1 (a) along the line a−b in Figure 1a, (b) along the line c−d in
Figure 1b, (c) along the line e−f in Figure 1c, respectively. (d,e) The protrusion and trench zones of the collagen fiber along the line profile in (a).
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insult whereas the nanostructure continuously changes even 96
h after the sepsis insult.
3.3. AM−FM Characterization of Bone Mineral. The

commercial AFM probe (AC160TS, Asylum Research, Oxford
Instruments, CA, U.S.A.) with calibrated first eigenmode spring
constant of 38.5 N/m by the thermal noise method is adopted to
characterize the bone mineral. More specific parameters of this
probe can be found in Table S3 (SI). A wafer of pure tin (with

elastic modulus value of 50 GPa measured by nanoindentation
experiments) is used as the reference material to determine the
elastic modulus of the mineral. The uncertainty analyses on the
elastic modulus of themineral from the sham, 24 h CLP, and 96 h
CLP bone samples based on 40 F-Z curves with 95% CI are
shown in Table S2 (SI). Figure 3 shows the AM−FM images of
the bone mineral.

Figure 3. AM−FM images (5 μm × 5 μm) of mineral in the sham (first column), 24 h CLP (second column), and 96 h CLP (third column) cortical
bones, respectively. (a−c) Topography, (d−f) stiffness, and (g−i) calculated elastic modulus images, respectively.

Figure 4. (a) Histograms of the elastic modulus of the collagen fibers from the calculated elastic modulus images in Figure 1g−i. (b) The average CDF
charts (p < 0.01) of 20−30 collagen fibers from 10 different femur bone samples. (c) Histograms of the elastic modulus of the mineral from the images
in Figure 3g−i. (d) The average CDF charts (p < 0.01) from 10 mineral images obtained from 10 different femur bone samples, respectively.
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The topography image (Figures 3a−c) show that the size of
mineral particles from 96 h CLP bone sample is significantly
smaller than those from the sham and 24 h CLP bones. The
measured height differences are 151.0, 156.2, and 64.0 nm for
the sham, 24 h CLP, and 96 h CLP bone samples with Ra of
15.95, 20.61, and 9.72 nm, respectively (Table 1). Figure 3d−f
shows that the contact stiffness of the mineral from the sham, 24
h CLP, and 96 h CLP bone samples are 0.85−1.59, 0.77−1.47,
and 709−988 mN/m, respectively (Table 1). The calculated
elastic modulus of mineral from 96 h CLP bone sample is 41.3−
73.7 GPa, smaller than the elastic modulus of 68.1−144 and
70.2−134 GPa of the sham and 24 h CLP bone samples (Table
1). The calculated elastic moduli of the mineral from sham and
24 h CLP bone samples are close to the value reported in the
literature.55 The elastic modulus of mineral shows significant
decrease 96 h after the sepsis insult. The uncertainty analyses
(Table S2, SI) reveal that the uncertainty values for elastic
modulus are 25.13, 36.02, and 20.18 GPa and uncertainty
propagation values are 50.26, 72.04, and 40.35 GPa for the
mineral from the sham, 24 h CLP, and 96 h CLP bone samples
respectively. For statistical purposes, we compared the elastic
modulus of mineral from 10 AM−FM images obtained from 10
different femurs from the sham, 24 h CLP, and 96 h CLP bones,
respectively, as shown in Figure S6 (SI). The mineral from 96 h
CLP bone (Figure S6c, SI) has lower elastic modulus than those
from the sham (Figure S6a, SI) and 24 h CLP bone samples
(Figure S6b, SI). Furthermore, the elastic moduli of the mineral
from 24 h CLP bone (Figure S6b, SI) and the sham bone (Figure
S6a, SI) show negligible difference.
3.4. Histogram Analyses of Collagen Fiber and

Mineral. The histogram analyses of the elastic modulus of the
collagen fibers and mineral from Figure 1g−i and Figure 3g−i

are plotted in Figure 4a,c, respectively. The cumulative
distribution function (CDF) chart for the modulus of the
collagen and mineral are plotted in Figure 4b,d, respectively. In
Figure 4a, the elastic modulus of collagen fibers from the 24 h
CLP bone is centered at 1.5 GPa, much smaller than 6.4 GPa of
the sham bone sample. There are two peaks in the histogram of
the modulus from the 96 h CLP bone samples, one is centered at
1.8 GPa (corresponding to uncovered part of the collagen fiber)
and the other is centered at 6 GPa (corresponding to recovered
part of the collagen fiber). These two peaks demonstrate that the
mechanical property of collagen fiber has only partially
recovered, but not completely recovered to its normal strength
96 h after the sepsis insult. In Figure 4b, the entire CDF curve of
the collagen fibers from 24 h CLP bone samples is located at the
left side of the sham bone samples, indicating the overall
decrease of the elastic modulus of the collagen fibers from the 24
h CLP bones (P < 0.01). The CDF curve of collagen fibers from
96 h CLP bone samples is located between the CDF curves of the
sham and 24 h CLP bone samples, revealing the recovery
behavior of collagen fiber (P < 0.01). For minerals, Figure 4c,d
shows that there is slight decrease of elastic modulus from the 24
h CLP bone samples, whereas a distinct decrease can be
observed from the 96 h CLP bone samples (P < 0.01).

3.5. Particle Analysis of Mineral. The distribution
histograms with Gaussian fitting from the particle analysis on
AM−FM topography images (Figure 3a−c) by using the AFM
analysis software (Igor Pro 6.37) are shown in Figure 5a−c,
respectively. Figure 5d shows that the average heights of the
mineral particles are 18.38 ± 2.13, 15.74 ± 0.85, and 11.14 ±
1.92 nm for the sham, 24 h CLP, and 96 h CLP bone samples,
respectively (Table 1). It reveals that the particle height of the
mineral (in z-direction) decreases gradually from the sham to 96

Figure 5.Distribution histograms of the height of the mineral particle from the AM−FM topography images. (a) the sham, (b) 24 h CLP, (c) 96 h CLP
bone samples, (d) average height with standard deviation, and (e) average single particle area.
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h CLP bone samples. The particle area and the numbers of in-
plane particles (x−y plane) are also analyzed and summarized in
the Figure S7 (SI). The numbers of mineral particles in Figures
3a−c are 41, 52 and 86, respectively, and the areas occupied by
particles are 58.7%, 60.6%, and 61.2% of the whole image area (5
μm × 5 μm) accordingly for the sham, 24 h CLP, and 96 h CLP
bone samples, respectively (Table 1). Furthermore, Figure 5e
shows that the average areas taken up by a single particle are
0.36, 0.29, and 0.18 μm2 for the sham, 24 h CLP, and 96 h CLP
bone samples (Table 1). The average area of the mineral
particles from the 96 h CLP bone has decreased to about the half
of that from the sham bone.
3.6. Field Emission Scanning Electron Microscope

Analysis of Mineral. Surface morphology of the mineral and
the content of calcium in the mineral are also analyzed by using
the field emission scanning electron microscope (FESEM, FEI
Quanta 600, Japan) equipped with an energy-dispersive X-ray
spectrometer (EDS, Oxford Instruments, U.K.) on the sham and
two CLP cortical bones. The FESEM surface morphology
images and EDS results are shown in Figure 6. It is difficult to
find any difference in term of appearance of the HA crystals
(Ca5(PO4)5(OH)) in the mineral phase between the sham
(Figure 6a) and 24 h CLP bone (Figure 6b) samples, whereas
smaller size of HA crystals and looseness of the mineral structure
are observed in the mineral matrix from 96 h CLP bone samples
(Figure 6c). Moreover, the mass percentage of the calcium in 96
h CLP bone is very low (0.41%) according to Figure 6d.
Therefore, mineral density loss happens in the 96 h CLP bone

samples. Mass percentage of the calcium in 24 h CLP bone is
4.96%, higher than those in the sham and 96 h CLP bones
(2.80% and 0.41%, respectively) (Figure 6d); this suggests that
the collagen fibers demineralize 24 h after the sepsis insult. In
fact, bone mineral may act as a reservoir from which the calcium
ions can be continually withdrawn for the usage or deposition for
storage, as dictated by homeostasis.56 In addition, demineraliza-
tion may influence D-spacing structure quite slightly as the
tissues such as tendon and skin showed similar D-spacing
compared with the collagen fibers in the normal bones.57,58 The
response processes of the collagen fibers can be explained by the
demineralization of collagen fiber occurring 24 h after the sepsis
insult, leading to an increase of calcium ions in the mineral
matrix and the decrease of the elastic modulus of the collagen
fiber. However, 96 h after the sepsis insult, the collagen fiber
almost retains its physiological state. Free calcium ions are
deposited in hydroxyapatite and attached to stiffen the collagen
fibers. The original EDS results including chemical maps and
quantitative analyses of mineral matrix of femur cortical bone
samples from the sham, 24 h CLP, and 96 h CLP bone samples
are shown in Figures S8−S10 (SI).

4. CONCLUSIONS

AM−FM technique has been proven capable of offering a fast,
direct, and nondestructive way to characterize structure and
mechanical property of bone at micro- and nanoscales with
ultrahigh resolution (nanometer) and sensitivity. Because bone
loss is a complex and gradual process which changes over time,

Figure 6. FESEM images of mineral matrix in (a) the sham, (b) 24 h CLP, (c) 96 h CLP bone samples, and (d) EDS results of calciummass in the sham,
24 h CLP, and 96 h CLP bone samples, respectively.
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our study used two CLP groups (24 h and 96 h) to measure the
changes of the structural, chemical, and mechanical property
involving in both mineral and collagen fibers from various bone
samples. The findings suggest that both collagen fibers and
mineral deteriorate after the sepsis insult, resulting in significant
decreases of the elastic modulus approximately 24 h (for
collagen fibers) and 96 h (for mineral particles) after the sepsis
insult, respectively. It should be noticed that the elastic modulus
reduction in mineral may be associated with decreasing of whole
bone strength. These results suggest that the mechanical change
of the collagen fiber starts much earlier and is not reflected by
changes of macroscopic bone strength. Hence the whole bone
strength reduction or bone density loss is not enough tomonitor
the bone diseases. The mechanical property of collagen fibers
may be a better indicator of bone diseases in the early stage. In
addition, the sepsis insult causes the nanoscale structural and
chemical changes of both collagen fiber and mineral. Our study
focuses on characterizing the nanoscale structure and mechan-
ical property of bone microconstituents, which offers an
indicator for early diagnosis of bone disease. The findings may
provide new mechanistic information about sepsis-related bone
diseases.
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