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Self-Assembly of Collagen Fibers. Influence of Fibrillar Alignment and

Decorin on Mechanical Properties
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Robert Wood Johnson Medical School, 675 Hoes Lane, Piscataway, New Jersey 08854-5635 USA

ABSTRACT Collagen is the primary structural element in extracellular matrices. In the form of fibers it acts to transmit forces,
dissipate energy, and prevent premature mechanical failure in normal tissues. Deformation of collagen fibers involves
molecular stretching and slippage, fibrillar slippage, and, ultimately, defibrillation. Our laboratory has developed a process for
self-assembly of macroscopic collagen fibers that have structures and mechanical properties similar to rat tail tendon fibers.
The purpose of this study is to determine the effects of subfibrillar orientation and decorin incorporation on the mechanical
properties of collagen fibers. Self-assembled collagen fibers were stretched 0-50% before cross-linking and then charac-
terized by microscopy and mechanical testing. Results of these studies indicate that fibrillar orientation, packing, and ultimate
tensile strength can be increased by stretching. In addition, it is shown that decorin incorporation increases ultimate tensile
strength of uncross-linked fibers. Based on the observed results it is hypothesized that decorin facilitates fibrillar slippage
during deformation and thereby improves the tensile properties of collagen fibers.

INTRODUCTION

Unmineralized connective tissue functions to maintain
shape, transmit and absorb loads, prevent premature me-
chanical failure, partition cells and tissues into functional
units and act as a scaffold that supports tissue architecture
(Silver, 1987). The primary structural element in mamma-
lian connective tissue is fibrillar type I collagen. Type I
collagen molecules form fibrillar elements, twenty to sev-
eral hundred nanometers in diameter, which in turn pack
into fibril bundles or fibers, fascicles, and higher level tissue
architectures (see Birk et al., 1991). The structural hierarchy
and mechanical properties of fibrillar type I collagen vary
from tissue to tissue; however, the ultimate tensile strength
of tissues containing type I collagen has been correlated
with fibril (Parry, 1988) and fiber diameters (Doillon et al.,
1985).

During loading, collagen molecules, fibrils, and fibril
bundles deform and finally fail by a process termed defi-
brillation (Torp et al., 1975; Folkhard et al., 1987; Sasaki
and Odajima, 1996). The exact mechanism by which me-
chanical energy is translated into molecular and fibrillar
deformation is still unclear; however, up to a macroscopic
deformation of ~2% molecular stretching predominates
(Sasaki and Odajima, 1996). Beyond 2%, increases in the
D-period are a result of molecular slippage (Folkhard et al.,
1987; Sasaki and Odajima, 1996). The exact magnitude of
the strain at which molecular deformation of the triple helix
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becomes small compared to molecular and fibrillar slippage
depends on the strain rate and tissue studied; however, it is
becoming clear that lateral interactions between fibrils are
an important aspect of collagen mechanical behavior.

With the exception of collagen, another highly prevalent
macromolecule in connective tissue is decorin, a small
interstitial dermatan sulfate proteoglycan. Decorin is regu-
larly and specifically associated with the surface of fibrillar
type I collagen in extracellular matrices (Scott, 1984). It has
been hypothesized that decorin limits collagen fibril diam-
eters by inhibiting the lateral fusion of fibrils (Scott and
Orford, 1981; Scott and Parry, 1992; Vogel and Trotter,
1987) and inhibits the mineralization of fibrillar collagen
matrices (Scott and Orford, 1981; Scott and Haigh, 1985).
Decorin filaments appear to connect adjacent collagen
fibrils and therefore it has been proposed that they play a
role in maintaining the mechanical integrity of aligned,
fibrillar connective tissue (Vogel, 1993; Cribb and Scott,
1995). Despite inferential data, the precise mechanical role
of decorin in soft connective tissue has yet to be determined
(Vogel, 1993).

Our laboratory has studied the process of collagen self-
assembly at the molecular (Silver et al., 1979; Silver and
Trelstad, 1979, 1980), fibrillar (Brokaw et al., 1985; Farber
et al., 1986), and fibrous levels of structure (Kato et al.,
1989; Wang et al., 1994; Pins et al., 1997). At the molecular
level, type I collagen assembly involves linear and lateral
growth steps that lead to the formation of fibrils with
diameters of ~1.2 um (Brokaw et al., 1985). At the mac-
roscopic level, self-assembled collagen fibers have wet di-
ameters of ~100 um (Kato et al., 1989) and mechanical
properties similar to rat tail tendon fibers (Kato et al., 1989;
Wang et al.,, 1994; Pins et al., 1997). These studies have
shown the similarity between the structure and mechanical
properties of native and self-assembled fibers. By using this
model we are able to study how changes in collagen fibril
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structure and interactions with surrounding matrix elements
affect mechanical properties. In this paper we report the
results of a study to determine the effects of fibrillar orien-
tation and decorin incorporation on the mechanical proper-
ties of collagen fibers.

MATERIALS AND METHODS
Isolation and purification of starting materials

Acid-soluble type I collagen (SOL) was obtained from rat tail tendon from
Sprague-Dawley rats weighing between 250 and 350 g using a protocol
identical to that described by Silver and Trelstad (1980). Collagen was
dissolved in 10 mM HCI for 4 h at room temperature, centrifuged at
30,000 X g at 4°C for 30 min, and then serially filtered through 0.65 and
0.45 pm filters (Millipore Corp., Bedford, MA). Type I collagen was
isolated by adding NaCl to 0.7 M, then the precipitate was collected by
centrifugation (30,000 X g, 4°C, 60 min) and redissolved in 10 mM HCI.
Acid-soluble collagen was further purified by dialysis against an aqueous
phosphate buffer (20 mM disodium hydrogen phosphate, pH 7.4) overnight
at 4°C and the precipitated collagen was collected by centrifugation
(30,000 X g, 4°C, 60 min) and dissolved into a concentrated solution by
dialyzing the pellets against a large volume of 10 mM HCI overnight at
room temperature. The collagen concentration was determined by measur-
ing the absorbance at 230 nm and adjusted to 10 mg/ml (1% w/v) with 10
mM HCI. Collagen solution was stored at 4°C in 30 ml syringes until it was
needed for experimentation.

Purity was determined by SDS-PAGE based on the method of Laemmli
(1970) and amino acid analysis as described previously (Silver and Trel-
stad, 1980). The proteoglycan and glycosaminoglycan content in the SOL
collagen was determined by uronic acid analysis (Bitter and Muir, 1962).
Intrinsic viscosity was conducted to determine the polymeric distribution
of collagen molecules in SOL collagen samples. Viscosity measurements
were made with a Cannon Ubbelohde viscometer model OB (State College,
PA) maintained at a constant temperature of 20°C. The Simha shape factor
(v) and the average axial ratio (Z) of the molecular collagen aggregates in
the starting material were calculated from the Simha equations for the
intrinsic viscosity and shape factor of a prolate ellipsoid (Silver, 1987).

Decorin samples were generously donated by Drs. Choi and Rosenberg
from the Orthopedic Research Laboratories, Montefiore Medical Center
(Bronx, NY). The samples were isolated from fetal bovine skin using the
protocol described by Choi et al. (1989). Analyses of these samples
indicated that the small dermatan sulfate proteoglycan was composed of a
core protein with a single glycosaminoglycan (GAG) chain attached. The
decorin ranged from 103 to 120 kD and contained 11% uronic acid (Choi
et al., 1989).

Rat tail tendon (RTT) collagen fibers 3-4 cm in length were isolated
from the tails of Sprague-Dawley rats by dissection under a microscope.
Tendon fibers were split repeatedly along their axes under a microscope
until the fibers were ~50 um in diameter. RTT fibers were air dried
overnight by hanging the free ends over glass coverslips.

Production of self-assembled collagen fibers

Collagen fibers were self-assembled from SOL collagen using a coextru-
sion process employing a Micromedics Applicator Tip (Eagan, MN) which
consisted of a dual bore (20 ga. X 2 in.) needle attached to FEP tubing
(fluorinated ethylene propylene copolymer, ID 1.27 mm) (See Fig. 1).
The individual bores, fitted with Luer lock connectors, enable the
simultaneous extrusion of the contents of two separate syringes. In this
system, one of the 5-ml syringes contained a 1% w/v solution of SOL
collagen and the other syringe contained a fiber formation buffer (FEB: 135
mM NaCl 30 mM TrizmaBase (Tris), and 5 mM sodium phosphate dibasic,
pH 7.4 (Sigma Chemical Co., St. Louis, MO)). With the aid of a syringe
pump (Sage Instruments, Cambridge, MA), the two solutions were simul-
taneously extruded through the FEP tubing into a bath of FFB maintained
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FIGURE 1 Dual syringe extrusion system for producing self-assembled
collagen fibers.

at 37°C. After allowing the coextruded fibers to self-assemble in FFB for
24 h, the buffer was aspirated from the bath and replaced with a fiber
incubation buffer (FIB: 135 mM NaCl, 10 mM Tris, 30 mM sodium
phosphate dibasic, pH 7.4). Fibers were immersed in FIB maintained at
37°C for 24 h, rinsed in distilled water for 60 min, and then air dried under
tension (Pins et al., 1997).

Self-assembled collagen fibers (SCF) were subject to static axial
stretching using the protocol described previously (Pins et al., 1997).
Briefly, collagen fibers attached to a stretching rack were immersed in FIB
and then stretched 0, 10, 20, 30, 40, or 50% of their original length. The
fibers were maintained at the stretched length for 24 h in FIB at 37°C then
removed from FIB and air dried on the rack at their stretched length.

Self-assembled collagen/decorin (SC/DF) fibers were produced by a
coextrusion process similar to that described above. In this system, one of
the two 5-ml syringes contained a 1% w/v solution of SOL collagen, and
the other syringe contained a mixture of 2X concentration FFB (pH 7.9)
and decorin (300 ng/ml of FFB) warmed to 37°C. With the aid of a syringe
pump, the two solutions were coextruded into a 75-cm length of FEP
tubing which was clamped at both ends as the solutions reached the end of
the tubing. The clamped tubes were placed in FFB maintained at 37°C for
24 h. After 24 h, the FEP tubes were unclamped and the fibers were
extruded from the tubes into a FIB bath by gently flushing the tubes with
a syringe containing FIB. The fibers were immersed in FIB bath at 37°C for
24 h then rinsed in distilled water for 60 min and air dried under tension.
Self-assembled collagen/control (SC/CF) fibers were produced by omitting
decorin from the syringe containing 2X concentration FFB. Finally, SC/CF
and SC/DF fibers were stretched 0 or 50% using the static axial stretching
procedures described above.
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Stretched SCF were cross-linked by severe dehydration under condi-
tions previously shown to maximize their ultimate tensile strengths (Wang
et al., 1994). Briefly, air dried fibers were cross-linked in a vacuum oven
at a pressure of 50-100 mTorr and at a temperature of 110°C for 120 h.

Morphological and ultrastructural studies of
collagen fibers

To prepare uncross-linked, stretched, SCF for transmission electron mi-
croscopy (TEM), fibers were bundled together with suture and rehydrated
in PBS for 60 min. The fibers were subsequently fixed (1.5% glutaralde-
hyde, 4% formaldehyde, 0.1 M cacodylate, 4 mM CaCl,, pH 7.4), for 90
min, rinsed in cacodylate buffer, postfixed with osmium tetroxide, and
strained en bloc in 2% uranyl acetate (50% ethanol). After serial ethanol
dehydration and propylene oxide infiltration, the fiber bundles were em-
bedded in Spurr Epoxy (Ted Pella, Inc., Redding, CA). Thin sections were
obtained by cutting either parallel (longitudinal) or perpendicular (trans-
verse) to the long axis of the SCF. Grids were negatively stained with 3%
uranyl acetate and 2.0% lead citrate, carbon coated, and viewed with a
JEOL 1200 EX electron microscope operated at an accelerating voltage of
80 kV.

The ultrastructural properties of the uncross-linked, stretched SCF were
quantitated using image analysis techniques. The negatives were subse-
quently enlarged to a final magnification of approximatety 81,000X and
two randomly chosen square regions, each representing a 500 nm X 500
nm area of collagen fiber, were outlined on each micrograph. For each fiber
type, 2.0 um? of fiber area were analyzed. Outlined regions of micrographs
were scanned into a Macintosh II computer equipped with an Apple
Scanner (300 dpi resolution) and collagen fibril areas (A) and perimeters
(P) within a square region of a micrograph were measured by particle
analysis using National Institutes of Health Image v1.60/ppc program
(developed at the US National Institutes of Health). Collagen fibril diam-
eters (f;) were calculated from the measured cross-sectional areas using
the equation f; = 2[sqrt](A/m). The aligned fibril area fraction for each
fiber type was calculated as the total fibril area per total fiber area
measured. The shape factor (S) was used to quantitatively assess the shape
of the fibrils in the transverse plane of the fibers. The shape factor (S =
4A7/P) is a measure of circularity where S is 1 for a perfect circle and zero
for a straight line (McBride et al., 1988).

To localize decorin, uncross-linked fibers were prepared for TEM
analysis using the protocol described by Scott and Orford (1981). Bundles
of fibers were rehydrated in PBS then fixed and stained for 18 h in a
Cuprolinic Blue solution (2.5% glutaraldehyde, 300 mM MgCl,, 25 mM
sodium acetate, and 0.05% Cuprolinic Blue (Polysciences, Inc., War-
rington, PA)). Samples were rinsed in fixative minus the stain and then
water, stained en bloc with 0.5% sodium tungstate solution, dehydrated
with a graded ethanol series, infiltrated with propylene oxide, and embed-
ded in Spurr Epoxy (Ted Pella, Inc., Redding, CA). Thin sections were
obtained by cutting both parallel (longitudinal) and perpendicular (trans-
verse) to the long axis of the collagen fibers. Grids were double stained for
collagen with 3% uranyl acetate and 1% phosphotungstic acid solution (pH
7.4). Carbon coated grids, both stained and unstained, were viewed with a
JEOL 1200 EX electron microscope at an accelerating voltage of 80 kV.

Volumetric analyses of stretched SCF were made by approximating the
mean fiber volumes as circular cylinders. The lengths of the fibers were
measured after static axial stretching and the mean cross-sectional areas of
the fibers were determined after rehydration with a Leitz Pol microscope
(Rockleigh, NJ) fitted with a calibrated eyepiece.

Birefringence retardation measurements

Semi-thin (3 um), longitudinal sections of embedded (JB-4, Polysciences,
Warrington, Pa.) cross-linked, stretched SCF were examined with polariz-
ing optics and monochromatic light as described previously (Pins et al.,
1997) to determine birefringence retardation. Before each birefringence
measurement, sections were immersed in water (n = 1.333) for at least 90
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min. Unstained sections were evaluated using a Leitz 12 Pol microscope
fitted with a monochrome filter (A = 546 nm) and a Leitz Brace-Kohler
M10 calibrated compensator as previously described (McBride et al.,
1988). For each type of fiber analyzed, six measurements were made on
randomly selected regions. Birefringence retardation values were normal-
ized by dividing by the fiber thickness.

Tensile mechanical testing of collagen fibers

Uniaxial tensile tests were conducted on fibers using the protocol previ-
ously described (Kato et al., 1989). Stretched, cross-linked fibers were
mounted on paper frames with a gauge length of 20 mm. The mounted
fibers were immersed in PBS for 60 min prior to testing. The approximate
cross-sectional areas of the fibers were determined before (dry) and after
rehydration (wet) using a Leitz Pol microscope (Rockleigh, NJ) fitted with
a calibrated eyepiece. The fibers were then mounted in the grips of an
Instron Model 1122 Tensile Tester (Instron Corp., Canton, MA), the edges
of the frame were cut and a tensile load was applied to the fibers at a
constant deformation rate of 10 mm/min. From the resulting load/defor-
mation curves and the measured diameters of the fibers, the ultimate tensile
strengths (UTS), strains at failure, and tangent moduli for the fibers were
determined.

Uronic acid analysis of collagen/decorin fibers

The decorin content of the self-assembled collagen/decorin fibers was
determined by the uronic acid assay using the uronate method (Bitter and
Muir, 1962). Measured quantities of self-assembled collagen/decorin fiber
and self-assembled collagen/control fiber stretched 0 or 50% were treated
with carbazole for uronic acid analysis. The optical densities of the result-
ing solutions were measured and the uronic acid content of each solution
was extrapolated from a standard calibration curve for D-glucuronic acid.
The difference in uronic acid content between collagen/decorin and colla-
gen/control fibers was used to calculate the amount of decorin in the fibers
by assuming that the decorin was composed of 11% uronic acid.

Statistical analyses

Statistical comparisons between sample groups were made using an anal-
ysis of variance (ANOVA) with p < 0.05 indicating a significant differ-
ence between mean values. Post hoc comparisons between two sample
groups in a pool were made with Fisher’s PLSD (protected least significant
difference) analysis with p =< 0.05 indicating a significant difference
between mean values.

Statistical comparisons between SC/CF and SC/DF fibers analyzed for
uronic acid content were evaluated using a one-tailed Student’s ¢-test with
p = 0.05 indicating a significant difference between mean values.

RESULTS

Purity and compositional analyses of
SOL collagen

Based on gel electrophoresis, after reduction and heat de-
naturation, the SOL collagen was determined to be type I
collagen, composed primarily of a chains, 8 and y compo-
nents, in addition to a small quantity of high molecular
weight aggregates. Amino acid analyses were also typical of
type I collagen. The noncollagenous proteoglycan and gly-
cosaminoglycan content of the SOL collagen was deter-
mined to be <0.1% (w/w) based on uronic acid analysis.
Intrinsic viscosity measurements were made to determine
the polymeric distribution of the collagen molecules in the
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SOL collagen starting material. Based on previous observa-
tions that acid-extracted tendon collagen was primarily
composed of monomeric and 4-D staggered dimeric colla-
gen (Silver and Trelstad, 1980; Fleischmajer et al., 1991),
the SOL collagen was calculated to be 73% monomeric and
27% 4-D staggered dimers.

Morphological and ultrastructural properties
of SCF

The 1% (w/v) solution of SOL collagen, from which the
SCF were made, appeared clear and slightly viscous. When
the collagen solution was extruded into fiber formation
buffer, the fiber slowly developed into a visible thread. The
appearance of the SCF did not change during the 48-h fiber
formation process. The gross morphology of SCF was not
visibly altered by static axial stretching or cross-linking.
The fibrillar substructure and organization of SCF were
characterized by analyzing longitudinal and transverse sec-
tions with a transmission electron microscope after sections
were double-stained with uranyl acetate and lead citrate (see
Fig. 2). A transverse section of an SCF-0% fiber (Fig. 2 a)
shows cross-sections of collagen fibrils indicating axial
orientation as well as fibrils oriented perpendicular to the
long axial of SCF-0%. Fig. 2 d shows a micrograph of a
section cut longitudinally with respect to the long axis of an
uncross-linked SCF stretched 0% (SCF-0%). It indicates
that the matrix contains collagen fibrils which exhibit D-
periodic banding patterns comparable to those observed in
native collagen fibrils, but demonstrate only partial orien-
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FIGURE 2 Transmission electron micrographs of self-assembled colla-
gen fibers stretched 0%, 30%, and 50% (SCF-0%). Transverse (a—c) and
longitudinal (d-f) views of SCF-0% (a, d), SCF-30% (b, ), and 50% (c, f)
fibers. Note the increased orientation of fibers stretched 50% ( f) compared
to 0% (d). Arrows point to individual collagen fibrils and asterisks indicate
fibril cross-sections.
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tation with respect to the long axis of the fiber. The presence
of cross-sections of collagen fibrils also indicates that the
fibrils are oriented obliquely with respect to the long axis of
the fiber. The micrograph of a section cut longitudinally to
the long axis of an uncross-linked SCF stretched 30%
(SCF-30%) (Fig. 2 e) indicates the presence of collagen
fibrils with D-periodic banding patterns. When compared
with the fibrils in the SCF-0% fiber, Fig. 2 d, the fibrils in
the SCF-30% matrix appear to have a higher degree of
orientation with respect to the long axis of the scaffold. A
small number of obliquely oriented collagen fibrils were
also noted in the longitudinal section. Transverse sections of
SCF-30% (Fig. 2 b) show a predominance of cross-sections
of collagen fibrils. This confirmed that SCF stretched 30%
was primarily composed of axially oriented collagen fibrils
with only a few collagen fibrils oriented obliquely with
respect to the long axis of the fiber. Transmission electron
micrographs of uncross-linked SCF stretched 50% (SCF-
50%) are shown in Figs. 2 ¢ and f. A transverse section of
SCF-50%, Fig. 2 ¢, confirmed that the fiber was composed
of densely packed collagen fibrils that were oriented parallel
to the long axis of the fiber. The micrograph of a section cut
parallel to the long axis of the SCF-50% (Fig. 2 f) indicates
the presence of D periodically banded collagen fibrils that
are highly oriented with respect to the long axis of the
SCF-50%.

The mean collagen fibril diameters and aligned fibril area
fractions were calculated and are summarized in Table 1.
The mean collagen fibril diameters of stretched collagen
fibers exhibited only nominal variation. The mean fibril
diameter for fibers stretched 50% was significantly greater
than for fibers stretched 0, 10, 20, 30, and 40%. Fibers
stretched 40% had fibril diameters that were significantly
less than all other groups tested. All of the stretched SCF
exhibited a broad, unimodal distribution of fibril diameters.
The aligned fibril area fraction also varied as SCF was
stretched. The total fiber area composed of axially aligned
collagen fibrils increased considerably when SCF matrices
were stretched at least 30%. The greatest aligned fibril area
fraction was observed in SCF matrices stretched 50%. The
shape factor showed little variation as SCF was stretched,
but the values indicated that the fibrils within each matrix
type were not circular,

Qualitative volumetric analyses based on mean diameters
of rehydrated fibers were used to investigate the effect of
static axial stretching on the lateral contraction of uncross-
linked SCF. The results of these calculations indicated that
the mean volumes of self-assembled fibers decreased as the
fibers were stretched. This decrease in volume indicates that
the lateral contraction of the uncross-linked SCF increased
as the extent of stretching increased.

Form birefringence measurements were made on semi-
thin sections of cross-linked collagen fibers to quantitate the
degree of ordered aggregation of fibrils. Analyses of mea-
surements on cross-linked collagen fibers indicated that
SCF stretched at least 30% had form birefringence values
comparable to RTT and significantly greater than fibers
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TABLE 1 Morphological properties of stretched, uncrosslinked, self-assembled collagen fibers (SCF)

Fibril Areas Aligned Fibril Mean Fibril

Fiber Type Measured Area Fraction Diameter (nm) Shape Factor

SCF-0% 426 0.117 24.15 £ 10.71 0.890 = 0.0435
SCF-10% 316 0.0787 2362 +8.74 0.880 *+ 0.0478
SCF-20% 335 0.0758 22.48 + 8.44 0.896 *+ 0.0434
SCF-30% 713 0.181 23.10 = 10.66 0.900 = 0.0393
SCF-40% 686 0.155 19.47 = 8.78* 0.908 = 0.0449
SCF-50% 867 0.231 26.47 = 12.60* 0.888 = 0.0431

Aligned fibril area fraction = sum of axially aligned fibril area (nm?) divided by total area measured (um?). Mean values given as average *+ standard

deviation.
* Significantly different from SCF-0%.

stretched up to 20%. Additionally, fiber stretched 30%
exhibited form birefringence values that were significantly
higher than comparable fiber stretched 40% (Fig. 3). Fibers
stretched >20% had birefringence retardation values statis-
tically similar to the values reported for RTT.

Mechanical properties of cross-linked SCF

The mechanical properties of cross-linked SCF were deter-
mined by loading the matrices in uniaxial tension until
failure. These values, as well as the mechanical properties
of native RTT, are summarized in Table 2. Analyses of UTS
indicated that SCF stretched at least 20% before cross-
linking had values that were comparable to RTT and sig-
nificantly greater than fibers stretched 0 or 10% (Fig. 4).
There was no significant difference between the UTS values
of fibers stretched 20, 30, 40, or 50%. The strain at failure
values of SCF fibers that were stretched 20, 30, 40, or 50%
were comparable to each other and to RTT. The tangent

8.00

Birefringence Retardation Value

SCF-50%

SCF-10% SCF-20% SCF-30% SCF-40%

Fiber Type

FIGURE 3 Birefringence retardation values (G/t X 10?) for cross-linked
collagen fibers. Optical retardation measurements (G) were made on semi-
thin sections (thickness, #) of self-assembled collagen fibers (SCF), which
were rehydrated in PBS for 60 min and then stretched 0, 10, 20, 30, 40, or
50% before cross-linking. The birefringence retardation value for native rat
tail tendon is denoted by the dashed black line. Values of birefringence
retardation that are statistically greater than that of fibers stretched 0%
(SCF-0%) are denoted with an asterisk.

modulus values of SCF fibers stretched at least 20% before
cross-linking were comparable to RTT and significantly
higher than SCF fibers stretched 0 or 10%. SCF stretched
between 30 and 50% had tangent modulus values that were
comparable to each other and significantly greater than
fibers stretched 20%. The load-at-failure values of the cross-
linked SC/CF fibers did not vary significantly with stretch-
ing. RTT fibers had load-at-failure values that were signif-
icantly greater than all SCF fibers. Wet diameter values of
SCF fibers stretched between 20 and 50% before cross-
linking were not significantly different from each other,
although fibers stretched at least 20% had wet diameters
that were significantly smaller than fibers stretched 0 or
10%. RTT had wet diameters that were significantly greater
than any of the SCF fibers. SCF stretched 20% had dry
diameters that were similar to SCF fibers stretched 30 or
40%, but significantly greater than SCF fibers stretched
50%.

Morphological properties of SC/DF

The fibrillar substructure and collagen/decorin interactions
within SCF were characterized by examining longitudinal
and transverse sections of fibers with a transmission elec-
tron microscope. Mean fibril diameters of SC/DF stretched
0% (24.6 = 11.04 nm) and 50% (23.9 * 11.42 nm) were
significantly greater than the diameters of 0% (22.5 £ 9.23)
and 50% (21.8 = 10.24 nm) stretched SCF fibers. The
presence of decorin in collagen/decorin fibers was con-
firmed by staining SC/CF and SC/DF with the GAG-spe-
cific dye Cuprolinic Blue during sample preparation for
electron microscopy. When sections of these fibers were
viewed in an electron microscope without additional stain-
ing, the GAG chains of the decorin molecules were readily
noted within the fibers. To ensure that the GAG chains
observed in the SC/DF fibers were not the result of residual
impurities from the collagen extraction process, Cuprolinic
Blue-stained sections of SC/DF fibers were compared with
similarly prepared sections of SC/CF fibers. Only trace
quantities of GAG chains were detected in SC/CF fibers.
The GAG chains of the decorin molecules in the Cuprolinic
Blue-stained sections had mean lengths of 44.7 = 8.37 nm
(n = 12). Using a conversion factor of 500 Da/nm, (Scott et
al., 1990), the GAG chains were calculated to be ~22,350 Da.
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TABLE 2 Results of uniaxial tensile tests for cross-linked collagen fibers

Tangent Modulus Wet Diameter Dry Diameter
Fiber Type (n) UTS (MPa) Strain (%) (MPa) Load (g) (pm) (um)
SCF-0% (19) 38.44 + 13.30 19.03 = 2.45 2524 = 71.52 35.34 *+ 6.66 111.5 + 2299 74.00 = 11.38
SCF-10% (17) 40.44 + 13.11 16.51 = 2.40 304.2 + 85.75 37.93 £ 8.15 111.6 * 20.66 74.30 = 11.23
SCF-20% (23) 54.46 * 13.18* 14.68 = 2.31* 4329 * 82.09* 38.14 = 11.36 94.35 + 16.15* 64.30 = 9.95*
SCF-30% (21) 57.10 = 11.82* 13.80 = 1.68* 503.9 + 101.1* 43.88 + 12.63 98.95 + 19.50* 66.20 + 12.54*
SCF-40% (20) 55.16 + 12.11* 13.18 * 2.85* 528.7 + 99.84* 36.17 = 8.81 90.65 * 9.33* 58.75 £ 5.01*
SCF-50% (18) 56.62 + 11.17* 13.15 * 1.63* 539.1 + 53.69* 35.85 £9.01 88.72 = 8.57* 555 *£5.17*
RTT (7) 53.5 * 11.10* 13.9 = 1.90* 498.8 + 44.0* 268.6 + 84.4 250.3 = 38.4*

SCF-X % = self-assembled collagen fibers stretched 0-50%; RTT = rat tail tendon fibers. All fibers were tested in uniaxial tension at a strain rate of 10

mm/min after rehydrating the fibers for 60 min in PBS. All values given as mean * standard deviation; n = number of samples.

* Statistically different from SCF-0%.

Sections of Cuprolinic Blue-stained SC/DF fibers were
also positively stained with uranyl acetate and phosphotung-
stic acid to characterize the location of the decorin within
the collagen fibrils. Self-assembled collagen/decorin fibers
stretched 0% (SC/DF-0%) are shown in Fig. 5, a and c. A
longitudinal section stained only with Cuprolinic Blue (Fig.
5 a) shows the presence of single, small groups, and large
clusters of decorin distributed throughout the fiber. Longi-
tudinal sections of SC/DF-0% fiber stained with uranyl
acetate and phosphotungstic acid revealed collagen fibril
organization and collagen/decorin interactions (Fig. 5 c¢).
Collagen/decorin interactions were noted at the d bands of
the collagen fibrils, but interactions were observed at other
fibril bands as well. Additionally, clusters of decorin were
noted in regions between collagen fibrils.

Transmission electron micrographs of SC/DF stretched
50% (SC/DF-50%) are shown in Fig. 5, b and d. A longi-
tudinal section of a fiber stained only with Cuprolinic Blue
(Fig. 5 b) indicates the presence of single and small groups
of decorin molecules within the SC/DF-50% fiber. Collagen
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FIGURE 4 Ultimate tensile strengths of cross-linked, self-assembled
collagen fibers. Matrices were rehydrated in PBS for 60 min and then
loaded in uniaxial tension until failure. SCF-X% = self-assembled colla-
gen fibers stretched 0-50% and the dashed line represents rat tail tendon
(RTT). Values of ultimate tensile strength that are statistically greater than
those of fibers stretched 0% (SCF-0%) are denoted with an asterisk.

fibril organization and collagen/decorin interactions were
investigated by staining longitudinal sections of SC/DF-
50% fiber with uranyl acetate and phosphotungstic acid
(Fig. 5 d). GAG filaments of decorin molecules were asso-
ciated with the surface of collagen fibrils and exhibit vari-
ous orientations, but many are oriented axially or orthogo-
nally with respect to the collagen fibrils. Collagen/decorin
interactions were noted at the d bands of the collagen fibrils,
but interactions were observed at other fibril bands as well.
In regions between adjacent collagen fibrils, some GAG
chains appear to be attached to neighboring fibrils.

Uronic acid analysis of SC/DF

The decorin content of the SC/DF was determined using the
uronic acid assay. The results of the uronic acid analysis
shown in Table 3 indicate that the SC/DF fibers stretched
0% contain significantly more uronic acid than SC/CF fi-
bers stretched 0%. The difference in uronic acid content

I 200 ni

200 nm

FIGURE 5 Transmission electron micrographs of self-assembled colla-
gen/decorin fibers stretched 0% and 50%. (a) (0% stretch) and (c) (50%
stretch) illustrate a longitudinal section of fibers stained only with Cupro-
linic Blue. (b) (0% stretch) and (d) (50% stretch) show fibers stained with
uranyl acetate and phosphotungstic acid and reveal collagen fibril organi-
zation and collagen/decorin interactions. In (b) and (d) D represents
decorin associated with the collagen fibril banding pattern. In (a) and (c)
the asterisk and star show regions of high decorin staining. All arrows and
arrowheads indicate association between decorin and collagen fibrils.
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TABLE 3 Results of uronic acid analysis of collagen samples
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Normalized Average Normalized

Sample Weight Average Uronic Acid Content Uronic Acid Content Uronic Acid Content
Sample Type (mg) Absorb. (ug)* (ug/mg) (ng/mg)
SC/CF-0% 6.70 0.098 5.03 0.751 0.723 * 0.040
SC/CF-0% 6.05 0.090 4.20 0.694
SC/CF-50% 4.08 0.064 1.60 0.392 0.609 * 0.306
SC/CF-50% 3.23 0.075 2.67 0.826
SC/DF-0% 6.67 0.140 9.23 1.384 1.468 * 0.119*
SC/DF-0% 5.96 0.141 9.25 1.552
SC/DF-50% 3.70 0.088 3.97 1.072 0.985 *+ 0.123
SC/DF-50% 349 0.079 3.13 0.898

SC/CF-X% = self-assembled collagen/control fiber stretched 0 or 50%. SC/DF-X% = self-assembled collagen/decorin fiber stretched 0 or 50%. Average

values reported as mean * standard deviation.
* Uronic acid values extrapolated from standard calibration curve.
# Statistically different from SC/CF-0%.

between the two fiber types indicates that the SC/DF fibers
stretched 0% contain 6.77 ug of decorin/mg of collagen.
The uronic acid content of SC/DF fibers stretched 50% was
not significantly different from the uronic acid content of
SC/CF control fibers stretched 50%, but SC/DF fibers
stretched 50% contained significantly less uronic acid than
SC/DF fibers stretched 0%. The difference in uronic acid
content between SC/DF fibers stretched 50 and 0% indi-
cates that SC/DF fibers stretched 50% contain ~2.38 ug of
decorin/mg of collagen. SC/CF control fibers stretched 0
and 50% had uronic acid content values that were compa-
rable to each other and to the SOL collagen starting
material.

Mechanical properties of collagen/decorin fibers

Uniaxial tensile tests were conducted to determine the effect
of decorin incorporation on mechanical properties of colla-
gen fibers. Statistical analyses indicated that SC/DF fibers
stretched 50% had significantly different values of the ul-
timate tensile strength, strain at failure, swelling ratio, and
load at failure (Table 4) compared to SC control fibers
stretched 50%. At 0% stretch, SC/DF fibers were not sig-
nificantly stronger than control fibers; however, the strain at
failure and load-to-failure were higher. SC/DF fibers
stretched 50% had higher values of the ultimate tensile
strength compared to unstretched fibers.

DISCUSSION

It has been known since the 1950s that microscopic collagen
fibrils that exhibit D periodic banding patterns characteristic
of those seen in connective tissue will self-assemble in vitro
from solutions of collagen molecules (Gross et al., 1952;
Jackson and Fessler, 1955). Recently, we have been able to
self-assemble collagen in the form of fibers that have sub-
fibrillar structure that mimics that seen in tissues in vivo
(Pins et al., 1997). The utility of this system is that the
mechanical properties of fibers with different substructures
can be assessed. In this study we evaluated the effects of
fibril alignment and incorporation of decorin on the me-
chanical properties of D-periodic collagen fibers.

The collagen fibril diameters reported in this study aver-
aged between 20 and 26 nm with unimodal diameter distri-
butions that are significantly less than those observed in
mature tendons (Kastelic et al., 1978; Rowe, 1985; Torp et
al., 1975; Parry and Craig, 1977), but they are comparable
to those observed by Torp et al. (1975) in tail tendon of
newborn rats and by Birk et al. (1990) in chick embryo
tendon at 10 days of development. This correlation suggests
that the fibrils observed in self-assembled collagen fibers
are similar to the small fibrils present during the early stages
of development. The mean fibril diameters are also similar
to the small collagen fibrils, which were proposed to be
products of assembly of collagen single molecules in pre-

TABLE 4 Results of uniaxial tensile tests for self-assembled collagen/decorin fibers

Fiber Type (n) UTS (MPa) % Strain Tangent Modulus (MPa) Load (g) Wet Diameter (um) Swelling Ratio
SC/CF-0% (34) 0.772 * 0.459 478 £7.92 232+ 1.24 5.34 £ 2.52 309.1 £ 42.8 3.217 = 0.529
SC/DF-0% (42) 1.359 = 1.019 54.8 = 13.2 4.50 * 6.23 8.23 + 2.34% 296.1 = 53.8 2.669 + 0.476
SC/CF-50% (37) 3.500 * 2.255* 26.1 * 6.06* 16.2 = 10.3* 9.74 + 4.64* 200.8 = 40.7 2.449 + 0.544
SC/DF-50% (49) 4.643 * 2.340* 31.3 £ 7.37* 19.1 = 12.2* 11.5 + 4.63* 190.5 = 479 2.227 * 0.370*

SC/CF-X% = self-assembled collagen/control fiber stretched 0 or 50%. SC/DF-X% = self-assembled collagen/decorin fiber stretched 0 or 50%. All fibers
were tested in uniaxial tension at a strain rate of 10 mm/min after rehydrating the fibers for 60 min in PBS. All values given as mean + standard deviation;

(n) = number of samples.
* Statistically different from SC/CF-0%.
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vious reports (Silver and Trelstad, 1979, 1980). The simi-
larities between small fibrils formed microscopically (Silver
and Trelstad, 1979, 1980) and the larger scale collagen
fibers formed here suggest that the mechanisms are likely
the same. These findings also parallel the results of in vivo
assembly in tendon reported by Birk and Zycband (1994),
suggesting that the product of the in vitro model approxi-
mates that which forms in vivo.

To evaluate the effect of fibrillar alignment on mechan-
ical properties, collagen fibers were stretched between 0 and
50%. The results of uniaxial tests confirmed that the me-
chanical properties of SCF were changed by static axial
stretching. SCF stretched by at least 30% before cross-
linking exhibited ultimate tensile strengths, strains at fail-
ure, and moduli comparable with rat tail tendon fibers.
Computational analyses and aligned fibril area fractions
quantitatively indicated that there were increases in fibril
orientation when SCF were stretched 30-50%.

These results suggest that there is a parallel between
self-assembly, alignment, and compaction of collagen
fibrils in vitro and the formation of aligned collagen fibrils
in vivo. The question next arises as to how tension is applied
to collagen fibrils during the self-assembly process in vivo.
It is well known that the cell cytoskeleton is linked via
integrins to extracellular matrix collagen (Hynes, 1987;
Staatz et al., 1991). In addition, during fibrillogenesis in
vivo it has been observed that collagen fibrils are seen
within invaginations in the cell membrane (Trelstad and
Hayashi, 1979). Furthermore, in vivo it has been reported
that fibroblasts provide tension during wound contraction
(Watts et al., 1958) and in vitro that they can contract
collagen lattices (Bell et al., 1979). Therefore, it seems
possible that collagen fibril alignment in vivo may be
achieved via cytoskeletal-induced forces at points at which
collagen fibrils are being added to fibers within the deep
invaginations in the cell membrane. Furthermore, from our
in vitro results it may be inferred that stretching induces
increased fibrillar orientation and packing density perhaps
via increased numbers of interactions between amino acid
residues on the surface of collagen molecules. The findings
parallel the works of Vilarta and de Campos Vidal (1989)
and de Campos Vidal and de Carvalho (1990), which sug-
gested that the improved tensile strength of collagen fibers
results from increased fibrillar alignment and packing den-
sity, leading to increased “strong interactions within or
between collagen fibrils” (de Campos Vidal and de Car-
valho, 1990).

Once collagen fibers were produced composed of colla-
gen fibrils similar to those seen in developing tissues, we
were then able to study the effect of addition of decorin.
Surprisingly, even the presence of a small amount of
decorin was easily observed by EM in unaligned collagen
fibers, and the resulting collagen fibers had increased load-
to-failure. Even more surprising was the fact that stretching
collagen fibers containing decorin by 50% appeared to lead
to decreased amounts of decorin; however, even after dis-
sociation these collagen fibers had improved ultimate ten-

Self-Assembly of Collagen Fibers 2171

sile strengths compared to unstretched fibers containing
decorin. SC/DF fibers stretched 0% that underwent a similar
incubation procedure contained more decorin than SC/DF
fibers stretched 50%. Although the amount of decorin mea-
sured using the uronic acid analysis is only semi-quantita-
tive, the results indicate that even small amounts of decorin
affect mechanical properties. The amount of decorin incor-
porated in this study was ~10% of the saturation amount
reported by Brown and Vogel (1989).

The above results suggest that decorin-type I collagen
interactions appear to be stable in the absence of tensile
stretching and improve the load to failure of collagen fibers.
However, in the presence of tensile loads, many of the
collagen-decorin interactions are broken and the decorin
diffuses away, at least in vitro. Hypothetically, loss of
decorin from collagen-decorin fibers suggests that decorin
may not only be involved in increasing the tensile strength
of collagen fibrils in vivo but also act as a regulatory signal
that is released when large tensile loads are being borne by
collagen fibers. Release of decorin may be a signal to local
collagen-producing cells to increase collagen deposition to
help support the load. The stretch-induced loss of decorin
from collagen fibrils may promote increased lateral interac-
tions between collagen fibrils, which would effectively in-
crease the fibril diameter and result in increased tensile
strength of collagen fibrils and fibers (Doillon et al., 1985;
Parry, 1988). A recent paper proposed that decorin is a
bidentate ligand that attaches to two parallel neighboring
collagen molecules in the fibril helping to stabilize fibrils
and orient them during fibrillogenesis (Scott, 1996). A
modification of this model might include a role for decorin
in aligning collagen molecules and fibrils during tensile
loading.

A question that needs to be addressed is regarding how
decorin would increase the tensile strength of collagen
fibrils and fibers. Considering that the shear stiffness of
proteoglycan aggregates has been estimated to be only 10~>
MPa (Mow et al., 1984), it is likely that the presence of
proteoglycans only indirectly affects the mechanical prop-
erties. Since collagen molecular and fibrillar slippage plays
an important role in the tensile deformation of aligned
connective tissue such as tendon (Folkhard et al., 1987;
Sasaki and Odajima, 1996), it is more likely that decorin
plays a role in promoting either molecular or collagen
fibrillar slippage. The increased tensile strength of the col-
lagen-decorin fiber stretched 50% compared to the stretched
fiber without decorin or the unstretched fiber with decorin
implies that the role of decorin, at least in these in vitro
studies, is to promote collagen fibril alignment, which
would facilitate collagen fibrillar slippage and improve lat-
eral interactions during tensile deformations.

In contrast, in tissues with large amounts of aggregating
proteoglycans (aggregan) such as articular cartilage, proteo-
glycans theoretically behave quite differently, since stress-
induced compression drives dehydration of the extracellular
matrix, inducing collapse of the proteoglycan molecules and
an increased resistance to further compression. Collapse of
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the proteoglycan molecules and charge repulsion might also
lead to increased electrostatic interactions of proteoglycans
with collagen, and in this case inhibit collagen fibrillar

slippage.
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