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Abstract Absence of fibrillin 2 (Fbn2), a non-collage-

nous bone protein, causes a connective tissue disorder

called congenital contractural arachnodactyly (CCA) and

has been associated with decreased bone mineral density.

Nanoindentation and Raman microspectroscopy have been

used to compare the mechanical and chemical properties of

cortical bone from femora of Fbn2–/– deficient mice and

their wild-type controls (Fbn2+/+). It was found that

Fbn2–/– bones have significantly lower hardness and

elastic modulus compared to Fbn2+/+ bones, especially in

the mid-cortical section. The Raman analysis showed little

difference with genotype except for a decrease in type-B

carbonate substitution in the endosteal region of Fbn2–/–

bones. The results indicate that Fbn2 plays a direct role in

determining the mechanical properties of bone.

Introduction

Bone is a composite tissue comprised of a mineral phase,

an organic matrix and water. Bone mass in adults

is maintained by coupling between bone resorption by

osteoclasts and bone formation by osteoblasts, however,

when the activity levels of osteoclasts exceeds osteoblasts

uncoupling takes place causing a significant loss in bone

mass and increased fragility. The reduced bone mineral

density (BMD) is the main cause of the most common bone

disease, namely osteopenia/osteoporosis, which is charac-

terized by the microarchitectural deterioration of bone

tissue and an increase in fracture risk [1]. Both osteoblastic

and osteoclastic activity are closely linked to the presence

of non-collagenous bone matrix proteins. Although the

organic phase of bone is 90% type I collagen, there are still

considerable amounts of the non-collagenous proteins

present including fibrillin 1 and 2. Investigators have pro-

posed that the overall mix of non-collagenous proteins

makes a significant contribution to the characteristic

properties of bone, for instance its ability to mineralize

compared to other tissues [2, 3]. It has also been reported

that the non-collageous proteins have a role in bone turn-

over regulation [4] and contribute to the structural integrity

of bone.

Fibrillin 1 and 2 are extracellular glycoproteins that

constitute the major structural components of connective

tissue microfibrils. Their absence in bones can have dramatic

effects on the bones’ properties. The connective tissue

disorders known as Marfan’s syndrome and congenital

contractural arachnodactyly are caused by mutations in

fibrillin 1 (Fbn1) and fibrillin 2 (Fbn2), respectively [5, 6].

In addition to other manifestations, these two heritable

disorders of the connective tissues have been associated with

a reduction in bone mineral density [7–10]. The findings that

fibrillin-rich microfibrils are widely distributed in the

developing mouse and human skeleton has been interpreted

to suggest key roles of these macromolecular aggregates in

bone formation, growth and mineralization [11–13].

Furthermore, the fact that fibrillins are highly expressed by
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differentiating osteoblasts may also indicate a function in

matrix adherence through interaction with the avb3 integrin

[11, 14, 15]. Finally, fibrillin-rich microfibrils have been

associated recently with modulating the activity of TGF-b,

one of the major growth factors involved in bone physiology

[16]. Consistent with these earlier lines of indirect evidence,

unpublished data indicates that both fibrillin-1 and fibrillin-2

deficient mice are osteopenic due to distinct alterations in the

balance of bone remodeling [17; Arteaga-Soils et al.

(unpublished)].

In this study Raman spectroscopy has been used to

investigate how the absence of Fbn2 affects the chemistry

of mouse bones, while nanoindentation has been used to

examine the bones’ mechanical properties. Raman Spec-

troscopy is a non-destructive way of analyzing the

molecular structure of the mineral components of bone at

the microscopic level. Raman can characterize both the

organic and inorganic component of bone by examining the

vibrational spectra of the chemical bonds. It provides

quantitative information on the changes in the mineral and

matrix compositon as well as the nature and amounts of

substituents in the mineral. These advantages of Raman

Spectroscopy have led to it gaining in importance as a

method to study bone [18–20] and, in particular, to

examine compositional changes due to aging and diseases,

and the link between bone chemistry and mechanical

deformation.

Nanoindentation has become the standard tool for

characterizing the mechanics of materials at small length

scales because of its ability to probe a surface and map its

properties with a resolution smaller than 1 lm. Due to

small dimensions of mouse bones, this technique provides

an effective measurement method for their mechanical

properties [21–23]. In the present study the average prop-

erties (mechanical and chemical) and the location depen-

dent (intra-bone) variations in the properties were

investigated and compared between cortical femora bones

from a number of knockout (Fbn2–/–) and wild-type

(Fbn2+/+) mice.

Materials and methods

Sample preparation

The study used 3-month old female 129/SvEv Fbn2–/–

mouse models (n = 5) and their age, sex and background

matched wild-type controls (n = 6). Creation of Fbn2–/–

mice has been already described [24]. The research was

approved by the Rutgers and UMDNJ-RWJMS Animal

Care and Facilities Committees (Protocol # I 06–012-2)

and performed according to the NIH guidelines for the care

and use of laboratory animals (NIH Publication #85-23

Rev. 1985). The left femur from the mice of each genotype

was used for this study. The bones were prepared for

nanoindentation testing as described by Roy et al [25].

Briefly, this involved dehydration in graded alcohol solu-

tions (70–100%) and mounting in a low temperature cure

epoxy (SPI supplies, West Chester, PA). Dehydration can

affect the mechanical properties of bone, however all the

bones where prepared in the same way so these effects will

be present in bones from both genotypes. There is a small

possibility that one genotype is affected more by dehy-

dration than the other, but this was not investigated. After

mounting, the included femora were sectioned transversely

at mid-shaft using a diamond wafering saw. The surfaces

were ground with silicon carbide paper of decreasing grit

size (400, 600 and then 1,200 particles per inch) followed

by polishing with diamond paste down to 1/2 then 1/4 lm

grit size. After the polishing, all specimens were cleaned

ultrasonically to remove surface debris. Raman studies do

not require any specific kind of sample preparation [19], so

the same bones used for nanoindentation testing were used.

It should be noted that embedding samples into epoxy has

been shown to have no effect on the Raman data [26]. The

locations for the nanoindentation and Raman spectroscopy

measurements are shown in Fig. 1.

Raman microspectroscopy

A Renishaw inViaTM Raman microscope was used for this

study with a 785 nm laser beam and a grating of 1,200 1/mm.

The laser was focused on each point of interest through a

Leica DMLM, 50X/0.75 NA objective providing an

approximately 2 lm spot size. All spectral acquisitions were

performed in the 350–2,000 cm–1 wavenumber range and

the spots were spaced every 10 lm in the x-(transverse)

direction (see Fig. 1). Depending on the thickness of the

cortex 15–20 measurements were taken. Test locations were

marked by microindents prior to testing. Signal-to-noise

ratio and fluorescence background were minimized by

employing 18 s of exposure time and 3 times of accumula-

tion (three separate spectra) at each measurement location.

The Wire 2 software provided by Renishaw was used to

remove the background using cubic spline interpolation at

each acquisition. A single spectrum for each sample point

was obtained by averaging the three accumulations. The

software was then used to analyze the peaks after Gaussian–

Lorentzian curve fitting. The intensities of the following

peaks were measured: phosphate m1 at ~958 cm–1 (PO4
3–

symmetric stretching band), carbonate m1 at ~1,071 cm–1

(CO3
2– symmetric stretching band), CH2 wag at ~1,450 cm–1

(C–H bending band), amide ~1,667 cm–1 (C=O stretching

band), amide III at ~1243 cm–1 (in-phase combination of

the N–H bending and C–N stretching) and the width (full

width at half maximum, FWHM) of phosphate m1 at around
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958 cm–1. A typical Raman spectrum for cortical mouse

bone is shown in Fig. 2.

The degree of mineral to organic ratio for each sample

was calculated by taking the ratio of the intensities of the

PO4
3– m1/amide I peaks [27]. An increase in this ratio typ-

ically indicates a more mineralized matrix [18, 20], though

a change in the proteins could also affect the peak ratio. In

bone, two types of carbonate substitutions have been

reported. Type-A carbonate substitution is when the CO3
2–

ion substitutes for the OH– ion, and type-B carbonate

substitution is when the CO3
2– ion substitutes for the PO4

3–

ion [18, 28–30]. In the present study the type-B carbonate

substitution was quantified by the ratio of the peak inten-

sities for CO3
2– (~1,071 cm–1)/PO4

3– m1 (~958 cm–1). Type-

A substitution, however, could not be quantified because

the wavenumber for the vibrational signal for this substi-

tution (~1,108 cm–1) was very weak and could not be

observed with the Raman system. In addition, the band-

width (FWHM) of the PO4
3– m1 (~958 cm–1) peak was

calculated to assess the crystallinity of each sample. It has

been reported by a number of researchers that as the mineral

crystallinity improves the bandwidth of the PO4
3– m1 peak

decreases [29, 31]. Mineral crystallinity in this case refers to

an increase in the crystal size and/or atomic ordering.

Nanoindentation

In this study, the nanoindentation tests were performed

using a TriboindenterTM (Hysitron Inc., MN) in load control

mode. All samples were tested in the ambient environment.

Prior to testing the bones, the contact area, Ac, was deter-

mined by analysis of the load-depth curve and calibrating

the tip on a standard material (fused quartz) as described by

Oliver and Pharr [32]. The tip was nominally a diamond

Berkovich pyramid and the loading direction was parallel to

the long axis of the femur. For each indent a maximum load

of 1,000 lN was applied with a 2 s hold time at peak load.

A grid pattern of 3 · 100 (~300 indents) was performed

across the cortical transverse sections of each bone (Fig. 1).

The test area was marked by microindents for each

specimen. Nanoindentation tests were performed after the

Raman and the location of the indentation arrays were

chosen to be at approximately the same location as the

Raman spectral measurements to allow a comparison

between the mechanical and chemical data for each sam-

ple. Nanoindents were spaced every 2.5 lm and 10 lm in

the x-(transverse) and y-(tangential) directions, respectively

(the minimum spacing was at least 10 times the maximum

nanoindent depth). The Oliver and Pharr method [32] was

used to determine the mechanical properties. This method

uses the following equations to find the bone’s elastic

modulus, Es, and hardness, H:

Er ¼
ffiffiffi

p
p

2

S
ffiffiffiffiffi

Ac

p ; Er ¼
1� m2

s

Es
þ 1� m2

i

Ei

� ��1

; H ¼ Pmax

Ac

where, Er is the reduced elastic modulus, S is the measured

contact stiffness, Pmax is the maximum load and Ac is the

contact area. mi and ms are Poisson’s ratio for the indenter and

sample, respectively. The values for the diamond indenter tip

are Ei = 1,140 GPa, mi = 0.07 and the Poisson’s ratio for the

bone was taken to be ms = 0.3.

Statistical analysis

For each sample the Raman and nanoindentation data

were average so a single value for each property, such as

hardness, was obtained. These values were then averaged

for all of the samples of each genotype to give the mean

Fig. 1 Optical image (Leica, 5·) looking down on a mouse femur’s

transverse section. Microindentations were performed to mark the test

areas. The white marks represent the grid pattern of nanoindentations.

Raman tests were performed on the same area as the nanoindentation,

but the Raman was between the lines of nanoindentations to avoid any

possibility of the two testing methods affecting each other. All tests

were started at the periosteal and ended at the endosteal regions of

bone
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value of the property for the genotype. ANOVA was then

used to examine the statistical significance of differences

between the genotypes.

The Raman spectra and the nanoindentation across the

transverse axis of each knock-out and wild-type bone were

examined to give the intra-bone variations for each geno-

type. Mechanical and chemical properties were calculated

at each measurement location for each individual sample.

The nanoindentation data collected across the cortical

thicknesses of each bone were then divided into seven

equal sections. Sections I and II are the bone adjacent to

periosteal (outer) surface. Sections III–V are the mid-

cortical and sections VI–VII are the bone adjacent to the

endosteal (inner) surface (Fig. 1). For the Raman spectral

measurements because of the larger spot size of the micro-

Raman compared to the nanoindent size and the lower

number of measurements (15–20) across the cortical

thickness it was divided into three equal sections

(I—periosteal, II—mid-cortical and III—endosteal). The

mechanical and chemical properties were averaged over

each section for each specimen. The mean values of the

properties for each section were then averaged over all the

bones of each genotype. ANOVA was conducted to assess

the significance of the differences between the knock-out

and wild-type mouse bones in each transverse section. All

tests used 95% minimum level of confidence and p £ 0.05

was considered statistically significant.

Results

Nanoindentation

First, the mean values of H and E across the entire section of

cortical bone, plus the standard deviations and the standard

errors for both genotypes (Fbn2–/– and Fbn2+/+) were

calculated (see Table 1). ANOVA revealed that bones from

Fbn2–/– mice exhibited significantly lower hardness and

elastic modulus values compared to bones from Fbn2+/+

mice (p < 0.05). The average H and E of Fbn2–/– mouse

bones were 1.15 ± 0.01 GPa and 29.3 ± 0.3 GPa, respec-

tively. For Fbn2+/+, H was 1.23 ± 0.01 GPa and E was

31.8 ± 0.3 GPa.

The intra-bone variations were plotted as bar charts to

show the variation of H and E with genotype across the

transverse axis of the cortical bone (Fig. 3). Individual

specimens from the same genotype exhibited similar vari-

ations with respect to location. The results show that

Fbn2–/– mice bones have lower H and E at locations II–VII

compared to the Fbn2+/+ mice bones. This difference

between the genotypes was statistically significant

(p < 0.05) in the mid-cortical region, sections III–V. The H

and E values of bones from Fbn2–/– mice both decreased

between the periosteal (sections I and II) and mid-cortical

(sections III–V), then increased slightly towards the end-

osteal (sections VI and VII) part of the bone’s cross-section.

Fig. 2 Typical Raman

spectrum of cortical bone from a

mouse femur

Table 1 Average bone parameters and standard errors derived from nanoindentation and Raman spectra of bones from Fbn2–/– mice and

Fbn+/+ mice

Genotype Hardness, H
(GPa)

Elastic modulus, E
(GPa)

Mineral: organic

PO4
3– m1/amide I

Carbonate substitution

CO3
2–/PO4

3– m1

Crystallinity

1/PO4
3– m1 (FWHM)

Fbn2–/– 1.15 ± 0.01 29.3 ± 0.3 15.02 ± 0.2 0.110 ± 0.0005 0.0530 ± 0.0002

Fbn2+/+ 1.23 ± 0.01 31.8 ± 0.3 14.63 ± 0.3 0.115 ± 0.0023 0.0529 ± 0.0002

J Mater Sci (2007) 42:8788–8794 8791

123



For the bones from Fbn2+/+ mice, the variation in the H

and E values followed an opposite trend where the values

increased from the periosteal (sections I and II) to mid-

cortical (sections III–V), but decrease near the endosteal

(sections VI and VII). Note that the individual bone samples

of each genotype showed similar variations with location to

those seen in the average mechanical properties.

Raman analysis

The Raman spectra for the cortical bone specimens from

both genotypes were analyzed across the entire bone and

also for the three transverse sections. The mean values

(across the entire cross-section of the cortical bone) and the

standard errors of the phosphate m1/amide I ratio, type-B

carbonate/amide I ratio, and 1/Phosphate(FWHM) are given

for each genotype in Table 1. The results show the mineral:

organic ratio and crystallinity were increased, and type-B

carbonate substitution were decreased in Fbn2–/– mouse

bones, but these results had low statistical significance

when considering the average over the entire cross-section

of the bone.

Intra-bone variations of the bone parameters were plotted

across the transverse axis of the cortical mouse femora

bones as shown in Fig. 4. Bones from Fbn2–/– mice

exhibited a similar mineral: organic ratio to bones from

Fbn2+/+ mice at the periostal and mid-cortical regions

(I and II), but the mineral: organic ratio for Fbn2–/– bones

was higher (though not statistically significant) in the near

Fig. 3 Intra-bone variations in (a) hardness, H, and (b) elastic

modulus, E, for femoral cortical bones from Fbn2–/– and Fbn2+/+
mice. Sections I and II are the bone adjacent to periosteal surface.

Sections III–V are the mid-cortical and sections VI–VII are the bone

adjacent to the endosteal surface. The data were taken along a grid

traverse between the outer periosteal and inner endosteal regions of

bone as shown by Fig. 1. Fbn2–/– and Fbn2+/+ bones exhibit

statistically significant differences in mechanical properties between

sections III and V (p < 0.05). All other differences were of low

statistical significance. The error bars are standard statistical errors

Fig. 4 Intra-bone variations in (a) mineral:organic ratio, (b) type-B

carbonate substitution and (c) crystallinity for femoral cortical bones

from Fbn2–/– and Fbn2+/+ mice. Section I is the bone adjacent to

periosteal surface. Sections II is mid-cortical and section III is the

bone adjacent to the endosteal surface. The data were taken along a

line traverse between the outer periosteal and inner endosteal regions

of the bone. Type-B carbonate substitution of Fbn2–/– and Fbn2+/+
bones exhibit a statistically significant difference in section III

(p < 0.05). All other differences were of low statistical significance.

The error bars are standard statistical errors
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endosteal region (III) (Fig. 4a). Type-B carbonate substi-

tution was significantly lower in Fbn2–/– mouse bones at

the near endosteal region compared to Fbn2+/+ mouse

bones (p < 0.05), as seen in Fig. 4b. The crystallinity

exhibited the greatest difference in the mid-cortical where it

was higher for Fbn2–/– mouse bones compared to Fbn2+/+

mouse bones (see region II on Fig. 4c), though this was of

low statistical significance.

Overall the Raman data showed only minor differences

between the apatite phase of the bones from the two

genotypes. The only difference that was of statistical sig-

nificance was for carbonate substitution in the endosteal

region.

Discussion

This study has investigated the role of fibrillin 2 (Fbn2), on

the mechanical and chemical properties of cortical bone

from mouse femora. Specifically, the average and location

dependent differences between Fbn2–/– and Fbn2+/+

mice bones have been investigated.

Fbn2 deficiency caused a statistically significant decline

in the average mechanical properties as measured by nano-

indentation of mouse bones from sex and age matched

knock-out and wild-type genotypes. Further to this, the

location dependent analyses revealed that the difference is

predominantly in the mid-cortical sections where the bones

from Fbn2–/– mice exhibited significantly lower H and E

compared to the Fbn2+/+ mouse bones. The endosteal and

periosteal showed no statistically significant difference in

mechanical properties with genotype. The sections of bone

showing the most significant changes in mechanical prop-

erties with genotype correspond to the sections showing

differences in crystallinity, though the crystallinity differ-

ences were of low statistical significance (possibly due to the

size of the sample set). The effects of genotype on

mechanical properties were mostly confined to the mid-

cortical section which comprises the mature bone, while the

differences in mechanical properties with genotype in the

periosteal and endosteal regions where much smaller. This

suggests that mature lamellar bone has properties which

show a different dependence on Fbn2 than immature woven

bone. Specifically, it appears that the absence of Fbn2

reduces the mechanical properties in the fully mineralized

matrix. This finding is consistent with a previous suggestion

based solely on a gene expression data of a structural role for

microfibrils in the mature bone [11, 13, 33]. It also agrees

with unpublished data indicating an increase in bone fragility

in Fbn2–/– mice (Arteaga-Soils et al. (unpublished)).

Another interesting finding of this study was the

decreased type-B carbonate substitution in Fbn–/– mouse

bones. This was mostly seen in the endosteal region where

the type-B carbonate substitution of Fbn2–/– was signifi-

cantly lower than that of Fbn2+/+ bones.

Overall the observed effects of Fbn2 deficiency on the

mechanical properties of mouse bones indicate that the

protein plays a direct role in determining the mechanics of

the bones. The Raman data shows that the difference with

genotype in the apatite phase of the bone matrix is not of

statistical significance except for a decrease in carbonate

substitution in the absence of Fbn2 in the endosteal region.

All the other differences in the Raman data were of low

statistical significance. Based on this it seems unlikely that

the differences in mechanical properties due to the absence

of Fbn2 were due to changes in the apatite phase.

Conclusions

This study has demonstrated that at the nano-scale Fbn2, a

non-collagenous bone protein, is critical in determining the

mechanical properties and, to a much lesser extent, the

chemical properties of bones. In bones from Fbn2+/+

mice, hardness and elastic modulus were higher, especially

in the mid-cortical region compared to bones from Fbn2–/–

mice. Typically the mechanical properties of bone would

be expected to increase with increasing crystallinity, but

this is not seen in these results as crystallinity appeared to

be higher in the mid-cortical region of the Fbn2–/– bones,

though this was of low statistical significance. This sug-

gests that the fibrillin (microfibrils) in the wildtype mouse

bones may be contributing directly to its mechanical

properties. The decreased mechanical properties did to a

limited extent correspond to a decrease in carbonate sub-

stitution in the apatite phase. However, the most significant

decrease in carbonate substitution was observed only in the

endosteal region where the mechanical properties did not

show a statistically significant difference with genotype.

In summary, the mechanical properties of mouse corti-

cal bone show a clear dependence on the presence of fi-

brillin 2. This is most noticeable in the mature mid-cortical

bone and it does not appear to be due to changes in the

bone’s mineral (apatite) phase. Thus, it is concluded that

fibrillin 2 and, consequently, microfibrils play a direct role

in determining the mechanical properties of bone.
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