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ABSTRACT

Atomic force microscopy was used to study the geometric structure of
collagen fibrils and molecules of rat calcanean tendon tissues. The
authors found that the diameter of the fibrils ranged from 124 to 170 nm,
and their geometric form suggested a helical winding with spectral
period from 59.4 to 61.7 nm, close to the band dimensions reported by
electron microscopy. At high magnification, the surface of these bands
revealed images that probably correspond to the almost crystalline array
of collagen molecules, with the triple helix structure almost visible. The
typical helix width is 1.43 nm, with main periods of 1.15 and 8.03 nm,
very close to the dimensions reported by X-ray diffraction.

Index Entries: Atomic force microscopy; collagen molecules; collagen
fibrils; rat tendon.

INTRODUCTION

Collagen molecules provide an extracellular framework for all multi-
cellular animals, appearing in some shape or form in virtually every tissue,
such as tendons and ligaments, skin and fascia, glomeruli, bone and dentin,
cartilage, cornea, and heart valves (1-4). The structure of collagen has been
studied extensively by optical microscopy, electron microscopy (EM), and
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X-ray diffraction, and the detailed information available to date has been
reviewed by several authors (1-11). The structure of collagen molecules is
described as a triple helix, formed by a helical coil of three polypeptide
chains (called “a” chains), each one containing about 1050 amino acids.
These proteins are functionally ordered in molecular polymers, called fibrils,
and are visible as banded structures when EM is used to examine connec-
tive tissues. In recent years, a large effort has been invested in order to
understand details of the molecular structure and covalent crosslinking of
genetically distinct collagens, their control by cells and tissues, their varia-
tions with tissue type and age, and their abnormalities in many human dis-
eases. This intensive research, however, is limited by the capabilities of the
EM and X-ray instrumentation typically employed (12-15).

Atomic force microscopy (AFM), recently developed by Binnig, Quate,
and Gerber (16), provides a new tool for the investigation of biological sam-
ples, with no need for staining, coating, dehydration, or vacuum environ-
ment (17,18). Thus, AFM opens up the possibility of structural investigations
of biological polymers under near physiological conditions. Furthermore,
the excellent depth of focus and resolution of AFM may prove useful in elu-
cidating some unresolved questions of collagen science.

Here we present AFM images of histological sections from rat cal-
canean (Achilles) tendon adsorbed onto glass, obtained at ambient tem-
perature (295°K) and ambient humidity.

MATERIALS AND METHODS

The tendons were extracted from rattus novegicus albinus, lineage
Wistar. Sheets of this material with 7-um thickness were produced using a
microtome, and adsorbed onto glass slides to be used as the samples. The
AFM was used in the repulsion force mode, with force control feedback
adjusted in the set-point range of 7-14 nN. Scanning frequencies were usu-
ally 1 Hz in large scans and up to 14 Hz for atomic-scale scans. The scan-
ning probes were made of silicon nitride sharp tips of less than 100 Ain
diameter and mounted in 200-um-long triangular cantilevers, with force
constant of 0.006 N/m.

RESULTS AND DISCUSSION

A typical structure of the fiber-forming collagens observed in this
work is shown in Fig. 1. Generally, a dense packing of the fibrils in bun-
dles in a nearly parallel arrangement, with little changes in orientation
can be seen. No zig-zag formation was found. The resolution depth is
much greater than that obtained in EM observations, and a clear three-
dimensional (3-D) image of the fibril suggests a helical structure. The
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Fig. 1. AFM image of fibrils forming collagens, showing its three-dimensional
structure and packing. The cross-section of the fibrils appears almost circular, with a
diameter of 124-170 nm, with dense packing in a predominantly parallel arrangement.
There is a periodicity along the axial profile, with periods between 59.4 and 61.7 nm,
corresponding to the classical D period of EM imaging. The angle from the axial
direction to the bands does not appear to be 90 degrees, suggesting that the fibrils are
helical coiled.

height profiles of each fibril in the axial direction typically shows a peri-
odic profile. From the Fourier transformation, the spectral period of the
heights in all the fibrils shown in Fig. 1 was measured as 59.4-61.7 nm.
This period corresponds to the classical D period of typical flat-banded
structures observed in EM contrast images. The helical structure can be
characterized by the measurement of the angle between the axial direc-
tion of the fibril and the direction of the D period. The absolute value of
these angles varied in a range of 84—89 degrees, and the angles between
adjacent fibrils are complementary, indicating that one fibril has a clock-
wise rotation and its neighbor has a counter clockwise winding. The
binding between adjacent fibrils, from the top-view image, appears as
two interpenetrating saw teeth. Figure 2, obtained with high magnifica-
tion, shows the underlying interband structure of the axial period. This
fine band structure corresponds to different heights, or corrugations, of
the fibril surface. Figure 3 shows measurements of a sequence of two
height histograms over the area of two sequential periodic segments
along the axial direction of one single fibril. There are no drastic modifi-
cations in the shape or values of the histograms. This measurement
shows that the fine interband structure is periodic, as predicted by the
EM observations, but also helps to give a way to do a quantitative mea-
surement of these bands. Further experiments are in progress to study
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Fig. 2. High magnification of the surface of the fibrils shows the underlying
interband structure of the classical D period.
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Fig. 3. Height histograms measured over a square area of two sequential periodic
segments, corresponding to the areas of the banded structures seen in EM imaging.

the correlation of these histograms with the genetic or physiological
characteristics of the fibril, such as aging, calcification, and so on.

A magnified image of a D-band surface, which probably corresponds to
molecular packing of type I collagen molecules, is shown in Fig. 4, in which
the abscissa is parallel to the fibril axis and the ordinate is perpendicular to
the axial direction. From Fig. 4, the helical structure of the collagen is quite
clear, showing the diversity of bonds, crosslinking, and aggregates from one
helix to the other. The dimensions of this molecular packing were measured
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Fig. 4. Magnified AFM image of a D-band surface, showing the packing of type I
collagen molecules. The abscissa (X) in this figure is in the direction of the fibril axis.
The measurement by the Fourier transform of this image permitted the determination
of the intermolecular distance of 2.21 nm, molecular diameter of 1.43 nm, the
periodicity of the threefold screw of 1.15 nm, and the periodicity of a single chain of
8.03 nm.

by the Fourier dimensional transform in radial section and along the axis of
the molecules. The radial measurement indicates the peak-to-peak distance of
intermolecular spacing of 2.21 nm and molecular diameter of 1.43 nm. The
axial measurement indicates the helix periodicities of 1.15 nm and 8.03 nm,
respectively. The 1.15 nm periodicity corresponds to the period of the three-
fold screw of the polypeptide chains, which are bent to form the collagen mol-
ecule, and the 8.03 nm probably corresponds to periodicity of a single peptide
chain. These values are in agreement to the data obtained from bone collagen
by the use of X-ray diffraction pattern (9), which gives periods of 0.93 nm and
8.58 nm, and a molecular diameter of 1.5 nm, respectively. The intermolecu-
lar spacing of 2.21 nm suggests that the helices are not packed tightly by the
van der Waals forces that act on the side chains, which would lead to an
approximately hexagonal close-packed structure, with intermolecular dis-
tance close to the molecular diameter (19,20), but, instead, are separated by a
greater distance by complexes such as peptide-water—peptide groups.

CONCLUSIONS

EM observations disclose the morphological structure of the collagen
down to a resolution of, at most, 100 nm; the relatively new AFM method
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provides the structure of the collagen from micrometric down to the
nanometer scale. For low magnifications, AFM images show similar struc-
tures of the collagen obtained by EM observations, but the superior depth-
of-focus of the AFM helps to identify more clearly the 3-D characteristic of
the fibrils. At higher magnifications, that is, beyond EM capability, details
of the nanostructure of the collagen molecules can be observed.
Comparing the X-ray diffractometry data to the AFM measurements pre-
sented in this work, there is a very good agreement with the collagen
model. However, X-ray diffraction data are average values obtained from
the measurement of the interference of the X-rays with several molecules.
In comparison the AFM images measure the structure data of individual
selected molecules, showing much diversity from one molecule to
another, and their aggregates. Thus, the AFM technique will certainly
help to elucidate specific problems of collagen molecules. To the best of
the authors” knowledge, the images show for the first time the nature of
the triple helical winding of the polypeptide chains (20,21), in agreement
with the model obtained from X-ray measurements. Further experiments
with chemical or enzymatic removal of specific intermolecular crosslinks
are in progress.

ACKNOWLEDGMENTS

The authors wish to mention, with gratitude, the cooperation of grad-
uate students C. R. Rodrigues and M. Fukui to this work. This work was
partially supported by grants from FAPESP and CNPq/Brazil.

REFERENCES

. Eyre, D. K. (1980), Science 207, 1315.
. Brodsky, B. and Shah, N. K. (1995), FASEB . 9, 1538.
. Eyre, D. E. and Wu, J. (1995), J. Rheumatol. 22, 82.
. Hulmes, D.J. S. (1995), Biophys J. 68, 1661.
Kiihn, K. and Glanville, R. W. (1980), in Biology of Collagen, Viidik, A. and Vuust, J. eds.,
Academic, London, pp. 1-14.
6. Light, N. D. and Barley, A. . (1980), in Biology of Collagen, Viidik, A. and Vuust, J., eds.,
Academic, London, pp. 15-38.
7. Miller, A. (1980), in Biology of Collagen, Viidik, A. and Vuust, J., eds., Academic, London,
pp. 39-52.
8. Viidik, A. (1980), in Biclogy of Collagen, Viidik, A. and Vuust, ., eds., Academic, London,
pp. 257-280.
9. Glimcher, M. J. and Krane, S. M. (1968), Treatise on Collagen: Biology of Collagen, B. S.
Gould, ed., Academic, London, vol. 2, part B, pp. 108-135.
10. Vidal, B. C. (1980), Cell. Molec. Biol. 26, 415.
11. Vilarta, R. and Vidal, B. C. (1989), Matrix Collagen Rel. Res. 9, 56.
12. Raspanti, M., Guizzardji, S., Strocchi, R., and Ruggeri, A. (1996), Acta Anat. 155, 249.

G W N

Applied Biochemistry and Biotechnology Vol. 69, 1998



Geometric Structure of Collagen by AFM o7

13.
14.

15.

16.
17.

18.
19.

20.
21.

Thale, A., Tillmann, B., and Rochels, R. (1996), Ophthalmologica 210, 142.

Murakumo, M., Ushiki, T., Abe, K., Matsumura, K., Shinno, Y., and Koyanagi, T. (1995},
J. Urol. 154, 251.

Itoh, T., Tsuchiya, H., Yoshimura, Y., Hashimoto, M., and Konishi, T. (1996), Jap. J. Appl.
Phys. 35, 6172.

Binnig, G. Quate, C. F., and Gerber, C. (1986), Phys. Rev. Lett. 56, 930.

Peled, A., Baranauskas, V., Rodrigues, C., Art-Weisman, D., and Grantman, L. (1995),
J. Appl. Phys. 77, 6208.

Pereira, R. D., Parizotto, N. A., and Baranauskas, V. (1996), Appl. Biochem. Biotechnol. 59,
135.

Kajava, A. V. (1991), ]. Mol. Biol. 218, 815.

Mayo, K. H. (1996), Biopolymers 40, 359.

Bella, J., Eaton, M., Brodsky, B., and Berman, H. M. (1994), Science 266, 75.

Applied Biochemisiry and Biotechnology Vol. 69, 1998



