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Abstract

Nanoscale structural analyses of biomineralized materials can frequently help elucidate important structure–function relationships in

these complex organic–inorganic composites. Atomic force microscope (AFM) imaging of the exterior surface of trabecular bone reveals a

densely woven structure of collagen fibrils, banded with a 67-nm periodicity, and densely packed mineral plates. The mineral plates on the

collagen fibrils overlap and exhibit a large range of plate diameters from 30 to 200 nm. On the collagen fibrils, small nodular features, spaced

20–30 nm, run perpendicular to the fibrils. In some cases, these nodules are also seen on filaments extending between collagen fibrils. We

hypothesize that these protrusions are noncollagenous proteins such as proteoglycans and may have collapsed into compact structures when

the sample was dried. AFM images of pristine fractured surfaces reveal a dense array of mineral plates. In a few isolated locations, short

sections of bare collagen fibrils are visible. In other regions, the existence of the underlying collagen fibrils can be inferred from the linear

patterns of the mineral plates. Fractured samples, rinsed to remove mineral plates, reveal separated collagen fibrils on the fractured surfaces.

These fibrils are often covered with protrusions similar to those observed on the exterior surfaces but are less organized. In addition, as on the

exterior surfaces, there are sometimes small filaments extending between neighboring collagen fibrils. These studies provide important

insights into the nanostructured architecture of this complex biocomposite.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

Understanding the mechanics of living bone continues to

be a major scientific challenge, as pointed out by Weiner et

al. [1] and Zioupos et al. [2] in their impressive work and

emphasized by others [3–6]. An important aspect of this

challenge is understanding of the nanoscopic interplay

between the basic building blocks of bone [7,8]. It is known

that bone is primarily composed of mineralized collagen

fibrils [9]. Imaging these mineralized fibrils and their

structural relations inside bone is a daunting task since both

the fibrils and the mineral plates are very small. There has

been recent progress, however, with light [3,10], electron

[3,11–13], and scanning probe microscopy, both on miner-

alized tendon [14,15] and bone [16,17]. Nevertheless,

mapping the structural layout of mineralized collagen fibers,

within their natural environment of healthy bone, remains a
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challenge. Here, we show atomic force microscope (AFM)

images of the exterior and interior of fresh trabecula taken

from a bovine vertebrae. These images reveal a woven layer

of lightly mineralized fibrils on the surface of the trabecula

and an interlocking network of more heavily mineralized

fibrils in the trabecular interior.
Materials and methods

Fresh bovine vertebrae were cut into 5 � 5 � 4 mm

cubes with a conventional band saw and a diamond band

saw. The cubes were cleaned with pressurized water to

remove soft organic matter (i.e., bone marrow). Under an

optical microscope, the cubes were studied to find single

trabecula that was not touched by the saw blade during the

cutting of the bone and that were accessible to the AFM.

The sample cubes were then dried and glued to metal disks

with Devcon 2-ton epoxy. Images were recorded in air, at

room temperature, and at a scan rate of 1 Hz, using standard
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tapping mode atomic force microscopy (Digital Instruments

Nanoscope IV), equipped with silicon cantilevers (force

constant 40 N/m, resonant frequency 300 kHz, nanodevices

tap 300).
Results

Figs. 1A–C show stitched AFM amplitude images of

three different parts of a single dehydrated trabecula that had

been rinsed with water. The trabecula was about 150 Am in

diameter and 350 Am long. Collagen fibrils are the dominant

feature in these images; this is evident from the clearly

visible 67 nm banding pattern observed in all the fibrils

[18]. The width of these fibrils ranges from 50 to 200 nm,

with an average of approximately 100 nm. The thickness of

individual fibrils could only be measured in a few cases,

where it averaged about 20 nm, which suggests that the

cross section of the fibrils is oval in shape. This may,

however, be an artifact due to drying [19,20].

The length of the fibrils is difficult to estimate from these

images due to the woven structure of the composite, but the

fibrils are at least several micrometers long. In some cases,

the fibrils seem to divide into two Y-shaped fibrils (blue

arrowhead in Fig. 1A). In other cases, it seems that several

fibrils interlock to form larger superstructures with shifts in

the banding pattern from one fibril to the next, which is

evident in Fig. 1B (blue arrowhead).

Fig. 1A shows the surface from the end of the trabecula,

where the collagen fibrils do not seem to have a preferred

orientation; a few bundles of five to six collagen fibrils share

the same orientation. Fig. 1B displays a region from the

middle part of the trabecula. Here, the surface is even more

rugged, with individual fibrils arranged in a crisscross

pattern, especially in the lower portion of the image. Fig.

1C shows a region from the other end of the trabecula. Here,

most fibrils form huge bundles oriented in the same direc-

tion. However, there are large voids in the fibrillar fabric,

which resemble those revealed by SEM (Fig. 1D). In all

three AFM images, aggregates of nodules or protrusions are

attached to the exterior of the collagen fibrils; these are most

evident in Fig. 1C.

Higher resolution images of these protrusions are shown

in Fig. 2. The underlying banding pattern of the collagen

indicates the direction of the fibrils. Protrusions of about the

equal size (10–30 nm in diameter) and morphology (oval

shape) are attached to the collagen fibrils. While it is

possible that these features could have different origins,

some are probably mineral plates but may also be non-

collagenous proteins. In some cases, aggregates of protru-

sions form orthogonal bridging between two adjacent

collagen fibrils, as indicated by white arrows. In these

bridges, as well as on the fibrils themselves, the protrusions

sometimes form aggregates with separations of 15–30 nm.

We believe that these bridges and some of the protrusions

are noncollagenous protein assemblies.
Some areas on the surface of the trabeculae are almost

completely covered with mineral plates (Fig. 3). The thick-

ness of the plates varies from 3 to 10 nm, while the width

and length typically range from 30 to 120 nm but can be up

to 200 nm. Interestingly, the spacing between the centers of

some of the plates is around 70 nm (an example is marked

by a black arrow), which is close to the 67-nm banding seen

in collagen. Bare collagen can be seen in several places in

the image (the clearest examples are marked by white

arrows), indicating the direction of the underlying collagen

fibrils at these particular spots. Though there is no particular

order to the mineral plates, there are small regions of local

order, indicating a stacking direction of the mineral plates.

To investigate the trabecular interior, we began fracturing

trabeculae with a razor blade. Care was taken not to actually

cut the sample, but pull it apart to get pristine fractured

surfaces. Fig. 4 shows AFM amplitude images from the

fractured surfaces. The particles in these images resemble

those seen in Fig. 3. Both have dimensions consistent with

mineral plates (3–10 nm in thickness, 30–120 in diameter).

No bare collagen fibrils are visible, but especially in Fig.

4B, the 67-nm banding of collagen appears repeated in the

spacing of the mineral plates that appear to follow underly-

ing collagen fibrils. The images shown in Fig. 4 are

representative of about 30 images obtained from the frac-

tured surface; none show networks of bare collagen fibrils.

Fig. 5 shows the same fractured surface after it was

rinsed in water to partly demineralize it (demineralization

makes it easier to see the 67-nm banding pattern on collagen

fibrils). Besides the presence of more debris on the surface,

the morphology of the sample is similar to the morphology

of the outside of the trabeculae. The fibrils are also bridged

by small threads, approximately 20 nm in diameter (white

arrows and insets). In contrast to Fig. 1, where the collagen

fibrils are closely packed, here in Fig. 5, the collagen fibrils

have been torn apart.

Fig. 6 shows an SEM image of a trabecular bone micro-

crack. Here, disrupted fibrils project into the microcrack and

lie loosely on the fractured surfaces. The inset shows an

AFM image from Fig. 5, rescaled to match the size scale of

the SEM image. The inset suggests that the fibrils seen in

the SEM image are indeed individual collagen fibrils.
Discussion

The woven collagen fibril orientations, seen in Figs.

1A and B, do not seem to match the simple plywood

model with parallel fibrils spanning several micrometers,

which is believed to be a general structural motif for bone

[18]. It is possible, however, that the structure seen in the

figures on the surface of the trabeculae is the periosteum,

which may have a completely different structure than the

interior.

The fibrillar structure from the middle part of the

trabecula appears very rugged. It is possible that the inter-
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locking fibrils evolved to give the center portion of the

trabecula more strength because it would be a region of

maximum stress during falls. It could also be that the

trabecula in this region is damaged and that what is seen

is the effect of internal microcracks propagating to the

surface, which in turn could be the trabecula’s way of

signaling for remodeling, as originally proposed by Frost

[21] an later put forward by Burr [22] in his review.

The ultrastructure of the surface seen in Fig. 2 reveals

detailed information about the exterior of mineralized col-

lagen fibrils. The fibrils’ exterior is covered with aggregates

of small protrusions, and in some places these aggregates

form bridges between individual fibrils. The attachments of

the aggregates on the collagen fibrils follow features in the

fibrils’ underlying structure. In almost every case, the

aggregates follow a direction perpendicular to the direction

of the collagen fibrils. This kind of bridging between

collagen fibrils has been reported by Raspanti et al. [23]

in the excellent work on rat corneal stroma and rat tail

tendon [24], as proteoglycan bridging. We cannot distin-

guish if what we see in our images are proteoglycans, that

there is a 15- to 30-nm repetition pattern consistent with the

distance between core proteins on a hyaluronic polymer

backbone [25], points in this direction.

We believe that the structures in Fig. 3, and to some

extent on Fig. 4, result from mineral plates attached in an

overlapping arrangement to the fibrils’ exterior. This is

supported by the spacing at several spots of about 67 nm,

between the centers of neighboring mineral plates, indicat-

ing an intimate contact with the periodicity of an underlying

collagen fibril. The literature recognizes that a substantial

amount of mineral deposits in bone are in the intrafibrillar

regions between and on the outside of collagen fibrils

[18,26].

Direct viewing of dispersed crystals in the TEM has

provided some of the best data to date on the ranges of their

lengths and widths. Because of the need to disperse the

crystals for TEM, breakage occurs and the estimated size

ranges are biased towards the low range. Here this problem

is avoided, and indeed the size range reported here (30–200

nm) is higher than those in the literature [12,27]. The range

reported here may be as close to the in vivo range as has

been achieved to date. It clearly shows that single crystals

outgrow the gaps and cover large areas of fibrils. But our

estimates of crystal thickness (3–10 nm) probably suffer

from the same problem that plagued other attempts to use

TEM images to measure thickness, it is very difficult to
Fig. 1. The figure shows three 3 � 13.6 Am stitched AFM amplitude images (A, B

periosteum. This surface had been rinsed with water, which may have removed m

images relative to each other on the trabecula are indicated, to scale, on an optical

image (D) of a surface on a similar trabecula. All four insets show a woven fibril s

that the fibrils are mostly made of collagen. The blue arrowheads indicate the loc

collagen fibrils (see the text for details).

Fig. 2. The 1 � 1 Am AFM topography images of the surface of the same trabec

indicated by white arrows. There are projections along these aggregates spaced b
know that the crystal is really edge-on when making

measurements. In this case, the SAXS measurements are

probably more trustworthy. They report a thickness range

from about 1.5 to 4 nm.

We have not seen any needle-shaped minerals in our

study, which suggests that the vast majority of mineral

plates are plate shaped. The larger mineral plates in Fig. 4

lie flat on the fibrils. This is consistent with previous work,

including X-ray measurements [14,28,29], which showed

that the mineral plates are oriented along fibrils with their

z-axis perpendicular to the direction of the fibril. This fish-

scale packing (which is our term for what has been

previously observed by Weiner and Traub and confirmed

by Landis: that almost all the crystals have their large

surfaces aligned along the collagen fibrils) of the mineral

plates on the collagen fibrils is common to the outside

(Fig. 4) and the inside (Fig. 5) of the trabecula.

When a fractured surface is partly demineralized by

rinsing the sample in water, the collagen fibrils become

more apparent, as seen in Fig. 5. These fibrils are covered

with small bumps similar to those on the collagen fibrils that

are on the outside of the trabecula (Fig. 2). Small threads

bridging between individual collagen fibrils are also seen on

the fractured surfaces. The sizes of these threads are

consistent with the sizes of the bridging threads found for

the surface of the trabecula (Fig. 2). As can be seen in the

SEM in Fig. 6, fibrils both span a microcrack and cover the

fractured surfaces after partial demineralization. Some of

these fibrils are probably individual collagen fibrils since the

size scale of some fibrils match that of the fibrils in Fig. 4,

where they are conclusively shown to be collagen fibrils

because of the 67-nm banding. The fractured surfaces in

both the AFM and the SEM images seem dominated by

collagen fibrils. These collagen fibrils are clearly disturbed

by the fracturing, while the mineral plates seem unaffected

(Fig. 4). This clearly illustrates the importance of the

organic matrix in the mechanics of bone [30].

It is clear from Figs. 5 and 6 that individual fibrils in the

gap are sticking to other fibrils at several places, suggesting

that attachments between neighboring fibrils play an impor-

tant role in energy dissipation in the microcrack and

consequently in the energy dissipation of the whole bone.

The binding agent that makes these collagen fibrils adhere

to one another could be the bridges seen in Figs. 2 and 5, in

addition to the interlocking of the fibrils seen in Fig. 1.

In summary, we find that a dense network of inter-

connected collagen fibrils covers the outside of the
, and C) of the surface of a trabecula at three different locations, probably the

ineral plates to reveal the fibrils of the organic matrix. The locations of the

image of the trabecula (E). Also shown in the figure is an 8 � 3.2 Am SEM

tructure, it is clear from the 67-nm banding pattern in all three AFM images

ations of structural patterns that may contribute to interlocking between the

ula as in Fig. 1. We see aggregates bridging the fibrils in several places as

y 20–30 nm.



Fig. 3. The 3 � 3 Am AFM amplitude images of the surface of a trabecula with mineral plates still in place. A 67-nm spacing between individual plates is

indicated by black arrowheads, suggesting a fish scale packing motif for the mineral plates on the collagen fibrils. Naked collagen fibrils are visible at white

arrowheads.

Fig. 4. (A) The 2 � 2 Am AFM amplitude images of the cleaved surface of a trabecula. The image is dominated by mineral plates. (B) The 1 � 1 Am AFM

amplitude images of the cleaved surface of the trabecula on a different location. Here the image is also dominated by mineral plates, but a fibrillar structure

showing mineral plates that pack like fish scales on the fibrils is also evident.
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Fig. 5. (A, B, and C) AFM topography images from different regions of the fractured surface of a trabecula that has been partly demineralized by rinsing in

water. Here the 67-nm banding pattern in the collagen is evident in all the fibrils. The small protrusions covering the collagen fibrils are probably

noncollagenous proteins attached to the fibrils though there may be some remaining mineral plates as well. In some cases, bridging aggregates between

individual collagen fibrils is clearly visible, see arrows in the full frame images and in the magnified and computer-enhanced small images (a is from A, b is

from B, and c is from C).

Fig. 6. SEM image of a trabecular bone microcrack. The insets show the

AFM image from (Fig. 5B) scaled to fit the dimensions of the SEM image.

A 3-D version of the AFM image is shown as an inset to ease the

comparison, but it has no direct relation to the location shown in the SEM.

Comparing the inset with the SEM image suggests that the fibrils seen

spanning the gap in the SEM image are collagen fibrils.
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trabecula after rinsing with water. There are interlocking

polymers between and on the fibrils with a spacing of

15–30 nm. In addition, we see mineral plates attach to

the outside of the collagen fibrils like scales on a fish.

Fractured surfaces display mineral plates arranged in a

similar manner to those on the surface of the trabecula.

Partially demineralized fractured surfaces show disrupted

collagen fibrils consistent with those seen in SEM images

of microcracks.
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