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Type I collagen is a ubiquitous structural protein in animal tissues. It is normally present in a hydrated form.
However, collagen is very dependent on associated water for its mechanical properties. In skin, where type I
collagen is dominant, there is a longstanding concern that the skin and therefore collagen may partially dry out
and result in structural degradation. Here we show that dehydration of type I collagen fibrils, using 2-propanol,

results in a two-stage dehydration process. Initially, the fibrils do not change length, i.e. the D-period remains
constant, but shrinkage occurs within the fibrils by an increase in the gap region and a decrease in the overlap
region within a D-band and a shortening of the helical turn distance and fibril diameter. Only with further
dehydration does the length of the collagen fibril decrease (a decrease in D-period). This mechanism explains
why collagen materials are resistant to gross structural change in the early stages of dehydration and shows why
they may then suffer from sudden external shrinkage with further dehydration.

1. Introduction

Type I collagen forms fibrils composed of tropocollagen units. The
fibrils have a banded structure with regions of overlaps and gaps, where
the overlap contains all the tropocollagen “molecules” in a fibril and the
gap contains 4/5 of the molecules. By a curious quirk of the structure of
type I collagen fibrils, the gap length is almost the same as the overlap
length when collagen is hydrated. However, the structure of collagen
fibrils changes with hydration. With dehydration fibrils are known to
shrink in length (D-period) [1-3] and width (fibril diameter) and the
tropocollagen packs closer together [4-7]. The change in length shows a
large unexplained apparent anomaly. That is, with initial dehydration
the D-period changes very little, until a critical level of dehydration is
achieved when the D-period then starts to shrink considerably [7].

Collagen is the major structure-forming material for animals. Type I
collagen is the major component of skin where it is the physical barrier
between the environment and the body fluids. The skin has to resist
water loss. The collagen of the dermis can be subjected to partial
dehydration, which can affect function and appearance, and this drives a
large component of the cosmetics industry. An understanding of how
dehydration of collagen is evident in the collagen fibril and the physical
changes that take place in each stage of dehydration may be useful in the
biological context, but also in materials, both industrial and medical,
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manufactured from collagen.

This work seeks to investigate the apparent anomaly in the change in
D-period with dehydration and address more fully the molecular and
nanoscale changes taking place with dehydration. We report experi-
mental evidence of the changes in type I collagen fibril structure when
dehydrated with 2-propanol-water solutions and provide an explana-
tion of the processes involved in collagen fibril dehydration.

2. Materials and methods
2.1. Materials

A native collagen material in the form of decellularised calf skin, was
used, commercially available as surgical scaffold material, SurgiMend,
supplied by TEI Biosciences, Waltham, MA, USA (now Integra Life-
sciences). This material has fat, glycosaminoglycans and cellular mate-
rial removed leaving mainly collagen in a native, non-denatured form.
The use of this available material enables this experimental work to be
readily reproduced. Propan-2-ol was Univar grade from Ajax Finechem,
Sydney, Australia.
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2.2. SAXS/WAXS

Diffraction patterns were recorded on the Australian Synchrotron
SAXS/WAXS beamline, using a high-intensity undulator source. Energy
resolution of 10~% was obtained from a cryo-cooled Si(111) double-
crystal monochromator and the beam size (FWHM focused at the sam-
ple) was 250 x 80 pm, with a total photon flux of about 2 x 102 ph.s™?
using a Pilatus 1 M detector with an active area of 170 x 170 mm. Two
experimental setups were used. For low q measurements (SAXS) a
sample-to-detector distance of 3371 mm was used with and X-ray energy
of 12 keV. For high q measurements (WAXS), the sample-to-detector
distance was 900 mm with an X-ray energy of 15.3 keV. Exposure
time for diffraction patterns was 1-5 s and initial processing of the data
was with Scatterbrain software [8].

2.3. Fourier transform and data fitting

IgorPro software by Wavemetrics, Portland, OR, USA, was used for
Fourier transformation of the X-ray scattering data and fitting to models.
The collagen model consisted of a 100 cycle square wave stepping from
an intensity of 0.8 to 1.0 (which represents 100 D-periods with a step
function between gap and overlap regions at a density ratio of 4:5), and
10,000 points to the function (i.e. 100 points per D-period). The duty
cycle of the square wave (representing the proportion of the total D-
period that is either gap or overlap) was varied for a best fit to the
diffraction pattern. For WAXS measurements where the position of the
scattering peaks was required, the data were fitted to a gaussian curve
using the peak fit function in IgorPro.
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3. Results
3.1. SAXS patterns

SAXS patterns for representative samples are shown in Fig. 1.
Diffraction bands due to scattering from the D-period of collagen are
clearly visible. From these scattering patterns, the scattering intensity
can be integrated over all azimuthal angles to give a 1-D plot of intensity
(I) verses the scattering vector (q) (Fig. 2) sacrificing information on the
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Fig. 2. SAXS azimuthally integrated intensity plots for collagen in 0-100 % 2-
propanol-water mixtures.

Fig. 1. SAXS patterns (displaying a q range of 0.004-0.4 A™") for a) 0 % 2-propanol, b) 80 %, c) 90, d) 100 %.
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collagen fibril orientation, which is not relevant to this work.

3.2. D-period change with hydration

There is a shift in the position of the diffraction peaks with 2-propa-
nol concentration. The shift can be measured by determining the posi-
tion of a diffraction peak of any order. As collagen is dehydrated to
different degrees by 2-propanol-water mixtures in different proportions
the D-period decreases. At first the D-period appears to increase slightly
with dehydration then drops dramatically above 90 % concentration of
2-propanol (Fig. 3). However, the length of the D-period obtained from
the different diffraction orders varies.

3.3. Gap-overlap change (from odd/even peak areas and FFT simulation)

The D-banding of collagen fibrils results from areas of overlap of
collagen molecules (containing 5n molecules) and so called gap regions
(containing 4n molecules) (Fig. 4). This is clearly visible in transmission
or high resolution scanning electron microscopy images or in atomic
force microscopy images. From the X-ray diffraction data the length of
both the gap region and the overlap region can be found (summing to the
total D-period). The X-ray scattering pattern results from the combina-
tion of the scattering from all the atoms in the structure being studied.
Diffraction peaks occur in a crystalline material where there is long
range order because at the position on the detector of these diffraction
peaks the X-ray scattering from the atoms arrives in phase. A Fourier
transform of the three-dimensional atom spacing in a crystal will pro-
vide a simulation of the diffraction pattern that would be obtained.
Collagen fibrils can be considered a one-dimensional crystal, in other
words they have a regular long-range order running the length of the
fibril but not so much at right angles to the fibril's long axis, therefore X-
ray scattering from this long axis order results in diffraction peaks. For
collagen then, the major component of the diffraction pattern can be

66

Peak order

D-period (nm)
OCONOOHAWN =

58

T T T T T
0 20 40 60 80
2-propanol concentration (%)

66

64 -

62

D-period (nm)

60

58

1 1 T 1 T 1
20 40 60 80 100
2-propanol concentration (%)

Fig. 3. Collagen D-period in 0-100 % 2-propanol measured using the position
of 1-9th order diffraction peaks.
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Fig. 4. Sketch of a collagen fibril showing the D-period, gap and over-
lap regions.

obtained by a one-dimensional Fourier transform of the collagen struc-
ture, where by collagen structure we mean at the scale of the D-banding.
The density ratio between the gap and the overlap is around 4:5 (i.e. the
gap has 80 % of the electron density of the overlap). The transition
between the gap and the overlap can be modelled adequately by a step
function [9]. In order to do the reverse, and calculate the structure from
the diffraction pattern, one might imagine that an inverse Fourier
transform would provide the solution. However, X-ray diffraction only
provides information on the diffracted X-ray intensity but not on the
phase, and of course out of phase X-rays (that have travelled a path
length that is different by half an X-ray wavelength) will cancel out,
therefore there is incomplete information to make this direct calcula-
tion. The solution to this problem is to take a possible structure, simulate
the diffraction pattern by Fourier transform, then iteratively adjust the
structure until the simulated diffraction pattern fits the recorded data.

The 1-D scattering data for collagen over the q range covering
diffraction peaks of order 1-9 was fitted for the ratio of intensities for
each odd/even pair to the ratio of intensities for that pair from the FFT of
a model for collagen with a varying gap and overlap ratio (Fig. 5). From
these fits to diffraction patterns gap-overlap was determined for
collagen in each 2-propanol-water mixture (Fig. 6a). There is consid-
erable variation between the gap-overlap determined at different adja-
cent odd-even order peak pairs.

An alternative method to estimate the gap-overlap from odd-even
peak intensity ratios is that described by Eq. (1) [1,3,10].

L _( n )2 sin(n+ 1) 8 o
I \n+1 sin(nwg

where I is the intensity, n is the peak order, O is the overlap proportion
and, D is the D-period.
This was also used to calculate the gap-overlap from the same data

Intensity
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Fig. 5. Example FFT of a model of collagen (with overlap length = 0.429).
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Fig. 6. Calculated overlap fraction (of the D-period) a) using the FFT method, b) using the method of [1,3,10], c) the average of peak pairs for each method.

(Fig. 6b), although it was noted that “this approach is a very crude
approximation” [3]. There is considerable variation between the gap-
overlap calculated for different pairs estimated by this method.

Taking an average of the fits for the adjacent odd-even pairs a trend
of decreasing overlap is seen from low 2-propanol concentrations
through to 100 % 2-propanol (Fig. 6¢). An improvement on this method
would be to fit the full FFT to all 9 recorded diffraction peaks, with the
gap-overlap as the variable.

3.4. WAXS diffraction patterns

WAXS patterns for representative samples are shown in Fig. 7. This
region covers the dimensions of the tropocollagen helical turn and the
tropocollagen molecular diameter. From these scattering patterns, the
scattering intensity can be integrated over all azimuthal angles to give a
1-D plot of intensity (I) versus the scattering vector (q) (Fig. 8).

3.5. Helical turn change

From the WAXS patterns, the tropocollagen helical turn distance, the
distance measured along the length of the tropocollagen molecule for
one full helical rotation, can be measured [6]. This is the atomic distance
given by the small diffraction peak at q of around 2.2 A1, This length
decreases as the 2-propanol concentration increases, with a sharp
decrease at 100 % 2-propanol (Fig. 9).

3.6. Intermolecular spacing

The intermolecular packing was determined from the SAXS peaks in
the q range 0.2-0.7 A=, The intermolecular distance (center to center)
decreases from 15.4 A with water to 11.0 A in 100 % 2-propanol
(Fig. 10).
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3.7. Derived measurement — relative molecule length

The collagen molecule length is made up of four complete D-periods
plus one overlap region. The length changes with dehydration and this
can be calculated from the measured D-period and the measured overlap
length at each stage of dehydration (2-propanol concentration) (Fig. 11)
although the sum of these is dominated by the D-period. While the shape
of this plot appears superficially similar to the change in length of the
helical turn with dehydration, the relative magnitude of the change is
quite different, with a much larger relative change in the molecule
length with dehydration (c. 10x larger). Also the molecular length
initially increases in the early stages of dehydration before sharpely
shrinking, unlike the helical rise per residue which decreases throughout
dehydration.

3.8. Solvent scattering

A large and broad scattering peak is seen in the WAXS patterns at a q
of around 2.0-1.5 A™! for the water 2-propanol range with a second
peak at about 0.8 A™! for the higher concentrations of 2-propanol
(Fig. 8). This is due to the solvent mixture present in the collagen ma-
terial [11,12]. The peak changes from a broad peak for water at around
3.3 A to a less broad but double peak for 2-propanol with the dominant
peak at 4.5 A (Fig. 12). This has been well characterised elsewhere [12]
but is worth noting here as this falls in the range of interest for collagen
structural features.

4. Discussion

There is a range of structural changes that take place in collagen at
the molecular and fibrillar (nano) scale as collagen is dehydrated. These
involve shrinkage, but at different levels of hierarchy. We can under-
stand what these changes are and how the cascade of shrinkage occurs.
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Fig. 7. WAXS patterns (displaying a q range of 0.03-3.0 A™Y) for a) 0 % 2-propanol, b) 80 %, ¢) 90 %, d) 100 %.
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Fig. 8. WAXS azimuthally integrated intensity plots for collagen in 0-100 %
2-propanol.

It has previously been noted that the D-period slightly increases with
dehydration before it decreases dramatically [7]. This behaviour seemed
at odds with other measured changes in collagen such as the tropocol-
lagen molecular diameter which shrinks across the whole range of
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Fig. 9. Helical turn measured by WAXS for collagen in 0-100 % 2-propanol.
Error bars are one standard deviation.

dehydration.

However, the collagen molecules do in fact shrink both in length and
diameter throughout the range of dehydration. The shrinkage in length
is initially taken up by the gap region of the collagen fibril increasing
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Fig. 10. Intermolecular spacing from WAXS for collagen in 0-100 %
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Fig. 11. Relative molecular length derived from the D-period (blue, triangles)
and overlap length compared with the helical turn length (red, circles) for
collagen in 0-100 % 2-propanol. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. Approximate position of broad scattering peak due to solvent from
WAXS patterns of collagen in 0-100 % 2-propanol.

(with the overlap region decreasing), so that the length of the fibril itself
does not shrink as the collagen molecules shrink. This is possible if the
collagen molecules slide past each other within the fibril. Eventually the
shrinkage in the collagen molecule cannot be accommodated by the
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increase in the gap region and the D-period then decreases with the
proportional decrease in length of the whole collagen fibril. Throughout
this, the diameter of the collagen molecule is decreasing, and also, the
fibril diameter decreases in line with the molecular diameter, as
measured previously [7]. The shrinkage in the length of the tropocol-
lagen is partly reflected in the change in length of the helical turn, but
this only reflects a small portion of the length change.

This dehydration also results in increased stiffness, with the change
in stiffness seen across the whole range of dehydration [7] suggesting
that important structural changes are taking place even in the early
stages of dehydration.

4.1. Collagen length changes — fibril and molecule

The overlap measured here decreases from 0.479 to 0.404 nm, a
decrease of 15.7 %. The D-period decreases from 63.2 nm to 59.5 nm, a
decrease of 5.9 %. The molecular length calculated from the D-period
and the overlap therefore drops from 282.8 nm to 261.9 nm, a decrease
of 7.4 %. The limit of molecular length shrinkage due to an increase in
the gap (if the fraction gap could increase from 0.5 to 1.0) but with no
change to the D-period is 11.1 %. The molecular length change based on
the measured helical turn change (the helical rise per residue) is from
2.873 to 2.854 A or 0.66 %, a rather small amount compared with the
other changes measured.

But, of more interest is the way that the shrinkage occurs in the
earlier stages of dehydration. From fully hydrated collagen to partial
dehydration using 50 % 2-propanol the D-period increases, in other
words the collagen fibril gets longer during this phase of dehydration. So
how is the dehydration accommodated? It is accommodated by a
decrease in the length of the overlap region of the fibril. Quantifying
this, the D-period over this range of dehydration increases from 62.83 to
63.23 nm (0.64 %), while the overlap decreases from 0.479 to 0.457 A
(4.6 %) resulting in a calculated length decrease from 280.41 to 279.02
nm (0.50 %). The helical rise per residue decreases from 2.873 to 2.868
(0.17 %) over this range. So in this early stage of dehydration, the
collagen fibril does not shrink in length, rather it gets slightly longer, but
the shrinkage due to dehydration is accommodated entirely by a
decrease in the overlap region and an increase in the gap region.

It is rather odd that the total D-period should increase slightly.
However, it has been shown that D-period strain under tensile forces can
slightly underestimate fibril strain at low strain (up to 0.3 %) when there
is strongly twisted collagen fibrils such as in skin where the twist can be
up to 17° [13]. Perhaps then, during drying, the twist could increase so
that despite a slightly increasing D-period the length of the fibril is not
actually increasing.

The intermolecular spacing decreases from 15.4 A to 11.0 A, a 29 %
decrease, over the full range of dehydration measured here. From fully
hydrated in water to dehydration by 50 % 2-propanol, the intermolec-
ular spacing in collagen fibrils decreases from 15.4 A to 14.3 A, a 7.2 %
decrease. This will have a dominant effect on the volume change
because this represents shrinkage in two dimensions, whereas the length
change represents just one dimension.

These changes to the collagen fibril at the two stages of dehydration
is graphically illustrated in Fig. 13.

There appears to be disagreement in this data between the change in
collagen molecule length (determined by the sum of 4 D-periods and an
overlap) and the change in collagen molecule length measured by the
helical rise per residue. One possible explanation for this, although we
do not provide evidence for it here, could be slippage of the collagen
molecules within the tropocollagen structure (commonly referred to as a
tropocollagen molecule). The complete tropocollagen structure could
perhaps shorten, with little change to each of the three collagen mole-
cules making up this structure, by the sliding or rearrangement of the
collagen molecules within the structure.
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Fig. 13. Schematic of some of the changes taking place in a collagen fibril as it
becomes dehydrated (not to scale): a) fully hydrated, b) partially dehydrated, c)
severely dehydrated. Dimensions for diameter and D-period are in nm, and for
the gap and overlap as a fraction of one D-period.

4.2. Air drying verses 2-propanol dehydration

Dehydration by alcohol of biological materials is a widely adopted
practice. The experiments described here have used 2-propanol for
dehydration. Alcohol has the advantage of a drying medium over
removal of water by a dry atmosphere because it ensures the hydration
state is more uniform throughout the material. The concentration driver
for alcohol to penetrate the collagen fibril and exchange with the water
is much greater than for gas phase diffusion of water out of the fibril. A
further disadvantage of air drying of collagen is that during X-ray
analysis the surface could dry out (or become wetter if the samples are
periodically rewetted during collection of consecutive X-ray scattering
patterns), whereas with the collagen sample fully saturated in a liquid
solvent (2-propanol-water mixtures) the system does not change with
time. This study using drying by 2-propanol should therefore also be
applicable to dehydration of collagen by air drying.

4.3. Shrinkage with dehydration verses stretching under tension

With dehydration the collagen fibril shrinks. Under mechanical
tension the collagen molecule stretches. There is quite a large body of
work on D-period changes with tension and some on the intermolecular
spacing and fibril diameter changes [5,14-18]. It is interesting to
consider whether with tension the change in D-period does not reflect
the full amount of force applied to the fibrils because mechanical
stretching could be accommodated similarly to in shrinkage, by an in-
crease in the gap. Modelling and atomic force microscopy measurements
have shown that tropocollagen fibrils slide past each other with tension
with a sawtooth force curve due to the shape of the interaction between
adjacent tropocollagens [19]. The modelling suggested that molecular
elongation could account for 1.7 % of the strain in the first 2 % total
strain, whereas intermolecular mechanisms such as molecular slippage
and gap increase account for only the remaining 0.3 % strain, which is
rather different to what is reported here for dehydration of collagen.

Fibril strain is found to be smaller than tissue (applied) strain [17,20]
and can depend on the amount of cross-linking [20,21].
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4.4. Collagen shrinkage on a macro scale (skin drying)

How does this study of collagen dehydration at the fibrillar level and
smaller length scales relate to drying of collagen tissues such as skin? It is
important for skin retain a moisture level of 10-15 % to remain supple
and intact [22]. When the collagen in the skin starts to dry, the length of
the fibrils, and therefore perhaps the lengths of the fibres and skin,
which has highly aligned collagen [23,24], do not start to shrink with
initial dehydration. This is because shrinkage due to dehydration is
largely taken up by an increase in the gap and decrease in overlap but no
change in fibril length initially. This is an effective mechanism by which
collagen tissues can accommodate changes in moisture content without
major dimensional changes. However, it has been shown here that the
collagen molecules do pack more closely together, and therefore the
diameter of collagen fibrils decrease even at the early stages of dehy-
dration. This is likely therefore to lead to some shrinking of tissue,
especially in the direction normal to the Langer lines (lines of collagen
orientation in the skin).

5. Conclusions

It has been shown that dehydration of collagen fibrils results in a
two-stage dehydration process. Initially there is little change to the D-
period and the dehydration results in a decrease in the overlap length
and increase in the gap length to keep an approximately constant length
fibril. The helical turn distance decreases, although not by enough to
account for the increase in gap length. There is a decrease in the inter-
molecular spacing laterally between molecules. At the second stage of
dehydration the D-period decreases and the overlap length decreases
further leading to a significant decrease in collagen fibril length. The
helical turn distance decreases further, so too does the intermolecular
spacing between molecules. This mechanism explains why collagen
materials are resistant to gross structural change in the direction of
alignment of the collagen fibrils in the early stages of dehydration, and
shows why they may then suffer from sudden external shrinkage with
further dehydration.
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