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N
oncartilaginous connective tissues,
including dermis, tendon, and
bone, are predominantly composed

of type I fibrillar collagen in the organic
phase of their extracellular matrix (ECM).
As the main ECM building block, collagen
fibrils play pivotal roles inmaintaining tissue
integrity, providing the basis for mechanical
properties and influencing cell activities.
Collagen fibrils have an exceptionally long
half-life in vivo, which is estimated to be
15�95 years.1,2 They are resistant to com-
mon proteases since the tightly packed
fibrillar structure prevents access to cleav-
age sites.3 Collagen fibrils are mechanically
tough;4 as a structural network, they en-
hance cell attachment, migration, and
differentiation.5,6

The properties of ECM derive in part
from the hierarchical structure of collagen
molecules, fibrils, fibril bundles, and higher
levels of organization (Figure 1). The fibril-
forming collagenmolecules (types I, III, V, XI,
etc.) share similar structural motifs. Each of
the three R-helices contains Gly-X-Y repeating
triplets, with proline and hydroxyproline being
the most common X and Y residues.7 The
molecular packing of collagen fibril was stud-
ied by X-ray in the 1960s to 1980s.8�15 The
fibrils are composed of five-stranded microfi-
brils that are quasi-hexagonally packed in the
equatorial plane8,9,12�14,16 and supertwisted
in the axial direction.3 Within a fibril, as
the Hodge�Petruska model depicts, col-
lagen molecules are aligned in a parallel
staggeredmanner giving a repeating gap/
overlap pattern, resulting in the observed
D-spacing.3,17

The next level of collagen hierarchy
in ECM is the organization of fibrils into

bundles, which occurs at micrometer to

millimeter scale (Figure 1). Qualitatively,

a bundle is a group of parallel fibrils that

are generally associated with each other via

interfibrillar cross-links.18 In dermis and ten-

don, a bundle is frequently referred to as a

fiber, whereas in bone, it is a lamella sheet of
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ABSTRACT Fibrillar col-

lagens in connective tissues

are organized into complex

and diverse hierarchical net-

works. In dermis, bone, and

tendon, one common phe-

nomenon at the micrometer

scale is the organization of

fibrils into bundles. Pre-

viously, we have reported that collagen fibrils in these tissues exhibit a 10 nm width

distribution of D-spacing values. This study expands the observation to a higher hierarchical

level by examining fibril D-spacing distribution in relation to the bundle organization. We used

atomic force microscopy imaging and two-dimensional fast Fourier transform analysis to

investigate dermis, tendon, and bone tissues. We found that, in each tissue type, collagen fibril

D-spacings within a single bundle were nearly identical and frequently differ by less than

1 nm. The full 10 nm range in D-spacing values arises from different values found in different

bundles. The similarity in D-spacing was observed to persist for up to 40 μm in bundle length

and width. A nested mixed model analysis of variance examining 107 bundles and 1710 fibrils

from dermis, tendon, and bone indicated that fibril D-spacing differences arise primarily at the

bundle level (∼76%), independent of species or tissue types.

KEYWORDS: collagen bundle . fibril D-spacing . AFM . 2D FFT .
mixed model ANOVA
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parallel collagen fibrils. The micrometer-scale organi-

zation of fibril bundles varies dramatically among

tissues. As shown in Figure 1, in the dermis, bundles

of collagen fibrils with a lateral size ranging from tens

of micrometers to a few hundred micrometers are

randomlyoriented in a three-dimensionalmeshwork.19,20

Tendon has an overall uniaxial structure where collagen

fibrils are aligned in parallel arrays.21,22 Bone adapts a

twisted plywood structure constructed by lamellae of

collagen fibrils with alternating fibril angles among dif-

ferent lamella sheets.23�25 Despite the significantly dif-

ferent ECM organizations described above, the grouping

of collagen fibrils into micrometer-scale bundles is ubi-

quitous among collagenous tissues.26�28

Characterization of fibril bundles in connective tis-
sues has been limited to qualitative descriptions. For
example, scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and circularly
polarized light microscopy imaging have been used
for visualization of dermal fibril bundles and bone
lamellae.19,24,29,30 We have recently developed a quan-
titative method for D-spacing analysis at the micro-
meter to submicrometer scale, using atomic force
microscopy (AFM) imaging and two-dimensional fast

Fourier transform (2D FFT) analysis.31,32 Using this
method, we have shown that a distribution of nano-
meter-scale D-spacings is present in a variety of type I
collagen-based connective tissues, including bone,
tooth, tendon, and dermis, from a number of species,
including murine, ovine, and human.31,33,34 An exam-
ple of D-spacing distribution is shown in Figure 2.

Figure 1. Schematic representations of hierarchical tissue structures of tendon, skin, and bone. FB is short for fiber bundle.

Figure 2. Typical D-spacing distribution from ovine dermis.
Data were reproduced from AFM imaging and 2D FFT
analysis of a sham control study in ref 33. The distribution
is fitted to a Gaussian function shown as the curve.
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The chemical and physical significance of the distribu-

tion of D-periodic axial spacing or “D-spacing” values,
first characterized by electron microscopy in 1942,35

has been largely overlooked for seven decades. Only a

Figure 3. AFM images show the domains of fibril bundles and different D-spacings associated with them. (a�d) Exemplary
images of ovine bone. (e�h) Exemplary images of human dermis. (b,d,f,h) Three dimensional topography plots of a 3.5 μm
area marked by the black box in panel a, c, e and g, respectively. Panel b shows two bundles with 64.3 and 66.9 nm mean
D-spacings; panel d shows two bundles with 63.2 and 59.4 nm D-spacing; panel f shows two bundles with 60.3 and 62.8 nm
mean D-spacings; panel h shows three bundles with 58.9, 63.4 and 61.1 nm mean D-spacings.
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few publications have quantitatively described col-
lagen D-spacing as a distribution of values to date.35�38

The majority of publications have adopted the view,
largely derived from X-ray scattering data,39�41 that
D-spacing is a single value of about 67 nm, and values
deviating from this have generally been attributed to
tissue-dependent differences39,42 and/or artifacts of
sample preparation methods such as dehydration.36,40,43

However, we found that theD-spacing distributionswere
altered as a function of disease including estrogen de-
privation inducedosteopenia andOsteogenesis Imperfecta,
suggesting the biological significance of the D-spacing
distribution.33,34,44

In this study, the connection between the nanometer-
scale collagen fibril D-spacing distribution and the
micrometer-scale fibril bundle organization is explored.
By comparing fibril D-spacings within a bundle and
across different bundles, we wanted to test the two
following hypotheses:

H1. The distribution of D-spacing arises from
changes at the individual fibril level; that is,
the fibril D-spacing is random with respect to
the higher level bundle structure.

H2. The distribution of D-spacings arises from
changes at the bundle level; that is, differences
at the bundle level cause the full range of
D-spacing values, whereas D-spacings within
a bundle are similar.

We then discuss potential models of collagen fibril
structure that describe the origin of the D-spacing
morphology as well as the implications for currently
proposed mechanisms of fibrillogenesis.

RESULTS

Collagen fibril bundles in healthy adult ovine bone
and dermis, human dermis, and lamb tendon were
imaged and analyzed. Typically, a fibril bundle was
captured in one 3.5 μm � 3.5 μm AFM scan. In the
case of ovine dermis and lamb tendon bundles, we
collected images from multiple regions on a bundle
(Figures 5 and 6). For all of the bundle data included in
this study, the angular orientations of fibrils within a
bundle varied by 10� or less in the XY plane; most fibrils
in tendon bundles varied by 3� or less; most fibrils in
dermis or bone bundles varied by 5� or less. The small
differences of fibril angular orientation represent the

laterally ordered organization in a fibril bundle, which
serves as a primary criterion for selecting the bundles
for quantitative analyses.

Different D-Spacings at Bundle Interfaces. Occasionally,
two or more bundles were captured in one frame.
Examples of these bundle interfaces are shown in
Figure 3. Interestingly, even though the fibrils are
spatially close to each other and captured by the
same AFM tip in the same image, fibrils from different
bundles exhibit distinctively different D-spacings;
fibrils measured from the same bundle share similar
D-spacing. Figure 3a,b illustrates a typical example of
two lamella layers in ovine bone: in this instance, the
underlying bundle has a mean D-spacing of 64.3 (
1.3 nm, while the top bundle's D-spacing mean is
66.9( 0.8 nm. Another example of ovine bone is shown
in Figure 3c,d, where the two bundles have D-spacing
means of 63.2 ( 0.6 and 59.4 ( 0.6 nm. In addition to
aligned fibril bundles, we observed additional interest-
ing structures in bone. Examples of broom-like and
interwoven fibril organizations are shown in Support-
ing Information Figure S1. Figure 3e shows a set of fibril
bundles from human dermis, two of which were
captured in Figure 3f, with D-spacings of 60.3 ( 1.3
and 62.8( 0.6 nm. Similarly, Figure 3g,h is from human
dermis, and Figure 3h is a zoomed-in region of
Figure 3g that captured three fibril bundles in one
scan. The D-spacings are 58.9 ( 0.9, 63.4 ( 0.6, and
61.1( 0.2 nm. AverageD-spacing and angular orienta-
tions of individual bundles are summarized in Table 1.
In every case, differences among the bundles were
statistically significant (p < 0.001).

Contribution of Bundle D-Spacing Variance to a 10 nm Width
Distribution. To illustrate how bundle D-spacings con-
tribute to tissue-scale D-spacing distributions, we
color-coded the distribution histogram to show the
contribution from different bundles (Figure 4). Taking
ovine bone as an example, when plotted in a single
histogram (Figure 4a,b), fibril bundle D-spacings range
from 58 to 69 nm; however, within each fibril bundle,
D-spacing generally spans 1�3 nm. Meanwhile, fibrils
from different bundles exhibited independently var-
iant D-spacings that contribute to the full ∼10 nm
distribution range in these tissues. The narrow intra-
bundle D-spacing distribution along with a wide tissue
distribution was found for both ovine and human

TABLE 1. D-Spacing Mean, Average Angular Orientation, and Number of Fibrils of the Bundles Shown in Figure 3b,d,f,ha

D-spacing (nm) angular orientation (deg) # of fibrils

B1 B2 B3 B1 B2 B3 B1 B2 B3

Figure 3b 64.3 (1.3) 66.9 (0.8) �13.4 (4.6) 24.6 (7.7) 6 16
Figure 3d 63.2 (0.6) 59.4 (0.6) �15.9 (6.2) 22.1 (3.3) 8 8
Figure 3f 60.3 (1.3) 62.8 (0.5) 10.7 (7.1) 38.9 (6.0) 9 10
Figure 3h 58.9 (0.9) 63.4 (0.6) 61.1 (0.2) �35.8 (10.0) �3.0 (4.0) �52.8 (1.8) 14 15 4

a The standard deviations are included in the parentheses. The angular orientation was measured with respect to the horizontal scan direction. B1�3 stands for bundles 1�3.
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tissues and for both mineralized (bone) and nonminer-
alized (dermis, tendon) tissue types (Figure 4).

When comparing fibril D-spacings from ovine and
human dermis, the overall D-spacing averages of 63.0
and 62.5 nm, respectively, are not significantly different
(p = 0.24). Upon employing a nested analysis of variance
(mixed model ANOVA) to evaluate the contributions of

the fibril, bundle, and animal variance to the range of
D-spacing values, we found that bundle-to-bundle
variance was the largest component, accounting for
78% of overall variance. The standard deviation (STD,
symbol σ) between bundles is 1.3 nm, and the overall
STD is 1.5 nm. The bundle STD is significantly different
from 0 (p < 0.0001). In addition, bundle and fibril level

Figure 4. Collagen fibril D-spacing distribution arises from narrow bundle D-spacings in ovine bone, ovine dermis, human
dermis and lamb tendon.D-spacing distributions plotted in histogram for (a) ovine bone, (c) ovine dermis, (e) human dermis,
and (g) lamb tendon. Panels b, d, f, and h are 3D histograms of a, c, e, and g that show the narrow D-spacing values within a
bundle. Each color bar indicates contributions offibrils fromonebundle,while different bundles aredenotedbydifferent colors.
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variance are not different between ovine and human
by likelihood ratio χ2 test (p > 0.999 and p = 0.86,
respectively). The data set exhibited a skewness on the
low end of the distribution contributed by bundles
with D-spacings as low as 58 nm. As a result, 4.8% of
fibrils were found below μ0 þ τ � 2σ and none above
μ0 þ τ þ 2σ.

The fibril D-spacing averages from ovine dermis,
bone, and tendon, 62.9, 63.8, and 64.0 nm, respectively,
are not significantly different from each other (p =
0.12). Similar to human/ovine dermis comparison, the
nested analysis indicates the bundle level variance
component differed from 0 (p < 0.0001), and it ac-
counts for 76% of overall variance. The bundle level
and overall STD are 1.6 and 1.8 nm, respectively.
Interestingly, bundle variance differs substantially

among the three tissues. For dermis, bone, and tendon,
the estimated σbundle(animal)

2 values are 1.8, 3.8, and 1.4,
respectively (p = 0.074 by likelihood ratio χ2 test).
Similarly, the fibril variance is also largest in bone and
smallest in tendon. The estimatedσfibril(bundle(animal))

2 values
are 0.4, 0.5, and 0.2 for dermis, bone, and tendon, respec-
tively (p < 0.0001). A summary of the statistical analysis is
provided in Table 2. Additional detail of thenestedanalysis
of variancemixedmodel ANOVAcanbe found in Support-
ing Information (Table S1).

Persistence Length of D-Spacings in Tendon Fascicles and
Dermal Samples. Next, we investigated the persistence
length of bundle D-spacings in lamb tendon fascicles
andovinedermis. Figure 5a shows two fascicles (A andB)
of lamb tendon on the 50 μm scale. D-spacings were
obtained from six 3.5 μm� 3.5 μmregions spaced over

TABLE 2. Summary of Estimated Variance and Significance at the Levels of Animal, Bundle, and Fibril

test group variance component estimated variance σ2 (STD: σ) P value (compared to 0)

ovine dermis and human dermis (analysis 1) animal - ai 0.1 (0.4 nm) 0.2893
bundle - bij 1.8 (1.3 nm) <0.0001
fibril - εijk 0.4 (0.6 nm) <0.0001
overall variance 2.3 (1.5 nm)

ovine bone, ovine dermis, and lamb tendon (analysis 2) animal - ai 0.4 (0.6 nm) 0.1594
bundle - bij 2.5 (1.6 nm) <0.0001
fibril - εijk 0.4 (0.6 nm) <0.0001
overall variance 3.3 (1.8 nm)

ovine dermisa (analysis 3) animal - ai 0.5 (0.7 nm) 0.2198
bundle - bij 1.5 (1.2 nm) 0.0021
region - rijl 0.1 (0.4 nm) 0.1358
fibril - εijkl 0.4 (0.6 nm) <0.0001
overall variance 2.5 (1.6 nm)

lamb tendona (analysis 3) animal - ai 0.3 (0.5 nm) 0.3
bundle - bij 1.3 (1.2 nm) 0.019
regionb - rijl 0.3�0.4 (0.6 nm) 0.0003
fibril - εijkl 0.2 (0.5 nm) <0.0001
overall variance 2.2 (1.5 nm)

a See Supporting Information for the nested ANOVA model. b Estimated region-to-region variances are 0.4 for axial regions and 0.3 for perpendicular regions; the differences
between them are not significant (p = 0.78, likelihood ratio χ2 test).

Figure 5. Persistence length ofD-bundle in lamb tendon fascicle. Panel a is a 50 μmscan of two fascicles in lamb tendon, with
the fascicle orientationmarked by the yellow arrow. The diagonal lines (indicated by the blue arrow) are artifacts caused by a
cryostat blade. Individual regions of 3.5 μm� 3.5 μm size were labeled by sequence and overlaid on the 50 μm scan. Regions
1A�6A are noted as fascicle A, while regions 1B�6B are noted as fascicle B. Panel b is the boxplot that reveals the
interquartile, minimum,maximum, andmean of theD-periodic gap/overlap spacingsmeasured from individual 3.5 μmscans.
Panel c is the color-coded histogram of combined regions 1A�6A and 1B�6B.
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20 μm for fascicle A and 40 μm for fascicle B. Fascicles A
and B have statistically different D-spacings (p < 0.001)
of 64.0( 0.9 and 66.2( 0.9 nm, respectively. D-spacings
have a 3.3 nm range in fascicle A and 2.9 nm in fascicle B.
Within each fascicle, variations from region-to-region
over a 50 μm scale are larger than variations within a
3.5 μm region. For example, region 1A has a mean
D-spacing of 64.9 ( 0.3 nm, whereas region 6A has a
mean D-spacing of 62.8( 0.3 nm. In another example,
regions spaced over 40 μm length of a tendon fascicle
give a 4.4 nm range of D-spacing values, with an over-
all mean of 64.1 ( 0.9 nm (Supporting Information,
Figure S2). Nevertheless, the region-to-region variation
is small compared to the full D-spacing width distribu-
tion. Nested model ANOVA estimates that region-to-
region variance σregion(bundle(animal))

2 in lamb tendon is
0.4, which is significantly lower than that of bundle-
to-bundle variance, σbundle(animal)

2 = 1.3 (p = 0.0013 by
likelihood ratio χ2 test). We also imaged perpendic-
ular to the axial direction of one or more fascicles
(Supporting Information, Figure S3). In this case, the
range of D-spacings is 4 nm and the region-to-region
variance σregion(bundle(animal))

2 is 0.3. Finally, Figure 6
shows a fibril bundle of ovine dermis on the 50 μm
scale. Six 3.5 μm � 3.5 μm regions spaced over 30 μm

give a set of D-spacings for each region ranging from
61.8 ( 0.6 to 62.9 ( 0.4 nm with an overall average of
62.4( 0.7 nm. Nestedmodel ANOVA estimates region-
to-region variance σregion(bundle(animal))

2 for ovine dermis
is 0.1, significantly lower than bundle-to-bundle var-
iance, σbundle(animal)

2 = 1.5 (p = 0.0102 by likelihood ratio
χ2 test).

DISCUSSION

Origin of D-Spacing Distribution: D-Bundle. We have ob-
served that collagen fibrils in a single bundle share
similar D-spacings ((1 nm), and the full ∼10 nm
D-spacing distribution found in tissues31,33,34,44 results
from differences in bundle level D-spacing. This ob-
servation is supported by nested mixed model ANOVA
analysis. When we evaluate the effect of tissue types,
species, animals, bundles nested within animals, and
fibrils nested within bundles and animals, the largest
component of variance comes from the bundle-
to-bundle variance. It accounts for over 76% of total
variance, independent of tissue types (bone, dermis,
and tendon) and species (ovine vs human). On the
basis of these results, we propose a quantitative defini-
tion of a collagen bundle as a bundle of collagen fibrils
characterized by identicalD-spacing (with(1 nm STD),

Figure 6. Persistence length of D-bundle in ovine dermis. Panel a is a 50 μm scan of a collagen fibril bundle in ovine dermis.
Individual scans of 3.5 μm size were labeled by sequence and overlaid on the 50 μm scan (the missing numbers were 10 μm
scans). Panel b is the boxplot that reveals the interquartile, minimum, maximum, and mean of the D-periodic gap/overlap
spacings measured from individual 3.5 μm scans.
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and we will refer to fibril bundles with this property as
D-bundles. Estimated from 107 D-bundles, STD within
a D-bundle is 0.6 nm (see Table 2), which is within the
error associated with AFM analysis;31,32 therefore, the
fibrils in each bundle have similar, if not identical,
D-spacings. The bundle-to-bundle variations, as small
as 1.3 nm STD in tendon and as large as 1.9 nm STD in
bone, are the major components that give rise to the
full distribution of 8�10 nm width and 1.5�2 nm STD,
typically seen for tissue samples (an example is shown
in Figure 2). These observations are consistent with
hypothesis H2 and inconsistent with H1.

The bundle size, typically on the order of tens of
micrometers, varies among tissues. As observed by
AFM, the fibril bundle width in lamb tendon is 20 μm
and larger; ovine and human dermis tend to have
bundle width of a few micrometers in papillary dermis
and 50 μm or larger in reticular dermis (similar ob-
servations in refs 38 and 45); fibril bundles in ovine
cortical bone, in contrast to all other tissues used in this
study, are less frequently observed and are usually of
1�5 μm in lateral size.

The question of persistence length of D-bundles
is particularly interesting in tissues such as tendon,
where fascicles can extend to millimeters in length.
We evaluated the persistence length of D-bundles by
taking D-spacing measurements across 40�50 μm
axial and perpendicular directions of tendon fascicles.
As shown in Figure 5 and Supporting Information
Figures S2 and S3, D-spacings from regions of a ten-
don fascicle vary in a range of 4�5 nm. This range is
between that of a D-bundle (1�3 nm range; 0.6 nm
STD) and that of a tissue-scale D-spacing distribution
(10 nm range; 1.5�2 nm STD). On the basis of nested
ANOVA analysis, the region-to-region variance in the
axial direction in lamb tendon is 0.4 (σ = 0.6 nm) and
that of perpendicular direction is 0.3 (σ = 0.6 nm),
which is significantly smaller than variance of different
tendon bundles, 1.3 (σ = 1.2 nm). It suggests regions
within a tendon fascicle vary to a lesser extent than
different D-bundles in different fascicles and thus
are more likely to be related to each other. In ovine
dermis, the data in Figure 6 indicate thatD-bundles can
maintain a persistentD-spacing up to 30μm in the axial
direction, which is in agreement with the nested ANOVA
analysis since the estimated region-to-region variance
is 0.1 (σ = 0.4 nm).

Physical and/or Biochemical Origins of Bundle-Dependent
D-Spacings. Knowing the physical and/or biochemical
origins of tissue-scale D-spacing distribution and nar-
row D-bundle D-spacing range is imperative to our
understanding of fibrillogenesis. Although this ques-
tion remains to be answered, this section is devoted to
discussing potential factors that could influence fibril
D-spacing. First and foremost, it should be mentioned
that biomineralization is not a determinant for the tissue-
scale distribution of D-spacings since the 10 nm range

ofD-spacing and narrowD-spacing range inD-bundles
are observed in both mineralized bone and nonminer-
alized dermis and tendon tissues.31,34

Mutations in the collagen composition can change
the D-spacing. On the basis of a previous AFM study
using an Osteogenesis Imperfecta (OI) mice model and
molecular dynamics (MD) simulation, single substitu-
tion of glycine to cystein in collagen amino acid com-
position destabilizes the collagen triple helical structure,46

and D-spacing distribution in the OI model showed
significant shift from the control model.44

Some studies have shown D-spacing elongation
as a function of strain.47�49 However, elongation of
D-spacing accounts only a small fraction of tissue
level strain in the elastic deformation regime. Sasaki,47

Puxkandl,48 and Gupta et al.49 have all shown in their
studies that fibril strain tends to be on the order of
1�2 nm in tendon and bone. In our study, no external
stress was applied to the tissues, and we observed
∼10 nm range difference in bundle D-spacings. There-
fore, it is very unlikely that strain alone is causing the
bundle D-spacing differences.

Another hypothesis is that covalent cross-linking is
responsible for D-bundle formation. It is possible that
hydroxylysine sites are matched between adjacent
fibrils during an enzymatic cross-linking process, re-
sulting in overlapping gap zones and overlap zones.50

In addition to enzymatic cross-linking, non-enzymatic
glycation (NEG) such as cross-linking between collagen
and sugar occurs with aging and diabetes.51 However,
we have found no effect of NEG on collagen fibril
D-spacings using ovine bones treated with D-ribose in

vitro (Supporting Information Figure S4). Similar results
have been reported by Odetti and others.37

Other factors known to interact with collagen dur-
ing formation and maturation include types V and XI
collagen,52,53 SLRPs such as decorin and lumican,50,54,55

and fibronectin.56�58 Knockout studies on collagen V or
decorin have shown irregular fibril formation and in
some cases early embryonic death,55,59�61 suggesting
indispensible roles that the minor collagen types and
SLRPs play in regulating collagen fibril formation. How-
ever, little is known about whether these small proteins
play a role in changing collagen fibril D-spacing.

In summary, the simplest form of the Hodge�
Petruska model shown in Figure 1 does not address
the variations of D-spacings reported here. In particu-
lar, these data indicate the need for collagen fibril
growth and structural models to account for the
collagen fibril D-spacings being organized at the hier-
archical level of fibril bundles. As we understand more
about the structural complexity of collagen and its
dynamic interactions with other ECM components, it
becomes increasingly important that we adopt a more
sophisticated model of collagen fibril structure that
also reflectsD-spacingdistribution. Thismodelwill allow
us to better understand normal collagen hierarchy and
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changes in collagen structure induced by aging, dis-
eases, and mechanical failures.

Collagen Fibril Bundle Formation in Fibrillogenesis Models.
The mechanism of D-bundle formation is still an open
question, and competing theories offer different views
on the nucleation and growth of collagen fibrils.

Nucleation, Growth, and Coalescence (NGC) Model.

EM studies by Birk's and Kadler's groups suggest a
nucleation, growth, and coalescence model for the
formation of collagen fibrils and fibril bundles (NGC
model, Figure 7). In chick embryonic tendon, single or
small groups of fibrils were found in membrane pro-
trusions or depressions near fibroblast cell surfaces,
which are called fibripositors.62�64 On the basis of this
observation, it is hypothesized that single collagen
fibrils nucleate in these fibripositors and grow in the
axial direction. Side-to-side fusion26,30,62,65 as well as
tip-to-tip fusion55,66 of fibrils has been observed, which
could explain the D-bundle formation. Our quantita-
tive data on fibril D-spacing and their relationship to
bundle structure place two interesting constraints on
the NGC model. First, if D-spacing is determined by
extracellular factors such as binding with proteogly-
cans and/or mechanical stress, then it is plausible that
a bundle could share similar D-spacing if these factors
exert uniform effect within a bundle. An alternative
hypothesis is that D-spacing is determined at the
fibripositor stage, which implies that bundle-depen-
dent D-spacing is also cell-dependent. Although there
is clear evidence indicating that intracellular informa-
tion such as genetic coding can play a vital role in
fibril D-spacing formation,44 further experiments are

required to clarify the relationship between collagen
fibril D-spacing and the cells that produce collagen.

Liquid-Crystalline (LC) Model. Driven by the obser-
vationof liquid-crystallineproperties in type I collagen67�69

in vitro, Giraud-Guille and others have proposed that
collagen precursors (procollagen or tropocollagen) are
prealigned in concentrated local environments, which
aids in the alignment, undulations, and twists in the
packing of collagen fibrils (LC model, Figure 7).70 It is
also interesting to note that the plywood structure of
human compact bone osteons is analogous to the
organization of cholesteric liquid crystals, as the direc-
tion of fibrils rotates by a constant angle from one
lamallar layer to the next.24,29,68 This model provides a
simple physical explanation for the collagen structural
organization in collective tissues and offers the intri-
guing possibility that D-bundle spacing is synchronized
by liquid-crystalline alignment. Although aspects of this
model are compelling, the liquid crystallinity of collagen
has not been demonstrated directly in vivo.

CONCLUSION

In conclusion, we observed a narrow distribution
of D-spacings within D-bundles ((1 nm). In addition,
large variations inD-spacings among different bundles
contribute to the full distribution (10 nm range) at the
tissue scale in bone, dermis, and tendon. Themeasure-
ments and statistical analysis support the hypothesis
that differences at the bundle level cause the full range
of D-spacing values, whereas D-spacings within a bun-
dle are similar (H2) and are inconsistent with fibril
D-spacing being random with respect to the higher

Figure 7. Scheme of NGC model and LC model. In the NGC model, the fibroblast forms ruffled protrusions or depressions
called fibripositors. Collagen fibril nucleation and growth starts within fibripositors. Individual fibrils then coalesce into
bundleswhen they are excreted into the ECM. In the LCmodel, collagenprecursors prealign in secretary compartments or the
ECM and form a bundle simultaneously.
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level bundle structure (H1). The formation of D-bundles
has important implications in terms of how collagen
fibrils are assembled; however, the mechanisms of
D-bundle formation andD-spacing variations are poorly
understood. Mechanistic pathways for both the NGC
and LCmodels can beproposed that are consistent with
the data presented here for the relationship between
fibril D-spacing and bundle structure. Future research
efforts are needed to answer many questions raised by
these studies including the following: Howare cells and/
or extracellular proteins involved in forming collagen

fibril bundles? What contributes to a heterogeneous
D-spacing distribution? Is the tight distribution of
D-spacings within a D-bundle disrupted by disease?
Do D-bundles with different D-spacings play varying
roles under mechanical stresses? We are pursuing a
number of these challenging questions, and we hope
that thesenewquantitativeobservations regarding type I
collagen structure can be employed by the broader
scientific community to promote a better understanding
of collagen fibrillogenesis and ultimately how collage-
nous tissues are established and maintained.

EXPERIMENTAL METHOD
Animals. Ovine bone and dermis specimens were col-

lected from sham-operated Columbia-Rambouillet ovine, as
previously described.33 Bone specimens were acquired from
the mid-diaphysis of the left radius, while dermis specimens
were harvested from the dorsal midline, in the thoracolumbar
region. Procurement of human skin samples was approved the
University of Michigan Institutional Review Board and con-
ducted according to the Declaration of Helsinki principles. All
subjects provided written informed consent. Full-thickness hu-
man skin biopsies were taken from sun-protected buttock skin
from human donors ranging in age from 20 to 40 years old.
Lamb tendonswere from6month old rambouillet-dorset ovine,
provided by a local butcher. Ovine bone data were collected
from15 animals; ovine dermis datawere collected from 4 animals;
human dermis data were collected from 6 donors; lamb tendon
data were collected from 4 animals. We analyzed 32 bundles in
ovine bone, 26 in ovine dermis, 32 in human dermis, and 17 in
lamb tendon for a total of 107 bundles and 1710 fibrils.

Cryostat Sectioning of Dermis and Tendon. Combined tissue
sectioning and AFM analysis was highlighted in Graham's
recent report.71 First, skin biopsies were embedded in Tissue-
Tek optimal cutting temperature (OCT) solution (Sakura Finetek
Inc., Torrance, CA, USA) and frozen at �20 �C. Ten micrometer
thick thin sections of dermis were obtained using Microm
HM550 cryostat (Thermo Scientific Inc., Walldorf, Germany)
and transferred onto glass slides. Due to the randommeshwork
nature of dermis collagen bundles, sections parallel to the skin
surface and perpendicular to the skin surface (cross section) are
both suited for AFM imaging. The dermal sections were rinsed
with ultrapure water for 5 min and kept at �20 �C prior to
the AFM study. Tendon specimens were sectioned in a similar
manner, and the cutting plane was set to be parallel with the
long axis of tendon. No artificial stretching was imposed on
tissue samples during sample preparation.

Polishing and Demineralization of Bone. Ovine bones were
mounted to a steel disk using cyanoacrylate glue, and a flat
surface was polished as described previously.33 The bones were
demineralized using 0.5 M EDTA at a pH of 8.0 for 1 h with 5min
sonication at every 20 min interval. The bones were then
vigorously rinsed with ultrapure water and preserved at 4 �C
before AFM study.

Atomic Force Microscopy (AFM) Imaging and Analysis. All imaging
was carried out in air-dry condition using a PicoPlus 5500 AFM
(Agilent); dermis and tendon specimenswere imaged in contact
mode using SNL-10 AFM probes (Bruker AFM probes, nominal
tip radius 2 nm, force constant 0.25 N/m). Ovine bones were
imaged using tapping mode with VistaProbes T300R probes
(NanoScience, AZ; nominal radius 10 nm, force constant 40N/m,
resonance frequency 300 kHz). Line scan rates were set at 2 Hz
or lower at 512 lines per frame. Random locations on tissue
samples were imaged by AFM in search of fibril bundles. Image
analysis and measurements were performed using SPIP soft-
ware (V5.0.8, Image Metrology; Horsholm, Denmark). Collagen
fibril D-spacings were measured using 2D fast Fourier transform

(FFT) toolkit of SPIP software; detailed description and valida-
tion can be found in previous studies.31,33

One concern associated with AFM imaging is the effect of
thermal drift and tip convolution which may differ from scan to
scan. We have carefully examined the effect of thermal drifting
and ruled out the possibility of thermal drifting causing an
artificial D-spacing distribution.32 Furthermore, finding two or
more fibril bundles with different D-spacings in single AFM
scans (Figure 3) rules out the concern that the differences in
D-spacings may be caused by using different AFM tips or
scanning on different days. All fibril bundle D-spacings were
measured within individual 50 μm � 50 μm area. The limited
AFM scan size may underestimate lateral bundle size and per-
sistence length. In addition, due to the cylindrical geometry of
bone lamellae, polishing and imaging on a flat surface may
cause underestimation in the bundle size and length of fibril
bundles in bone tissues.

Statistical Analysis. Mean D-spacings ((standard deviation)
from individual bundles were tested using one way ANOVA.

A nested analysis of variance was employed (mixed model
ANOVA72) to determine the hierarchical level of the sources of
variance in the overall D-spacing distribution (eqs a�e). Arranged
by their hierarchical order, fibrils were nested within bundles
and bundles were nested within animals.

Yijk ¼ μ0 þ τþ ai þ bij þ εijk (a)

var(ai) ¼ σ2
animal (b)

var(bij) ¼ σ2
bundle(animal) (c)

var(εijk ) ¼ σ2
fibril(bundle(animal)) (d)

totalvariance ¼ σ2
animal þσ2

bundle(animal) þ σ2
fibril(bundle(animal))) (e)

where μ0 is D-spacing mean; τ is fixed effect (described in the
analyses below); ai is random effect of ith animal; bij is random
effect of jth bundle nestedwithin ith animal; εijk is randomeffect
of kth fibril nested in jth bundle and in ith animal.

Two sets of mixed model ANOVA analyses were performed
based on the model above:

Analysis 1: Comparison of two different species: ovine
dermis (4 animals, 26 bundles, and 340 fibrils) and human
dermis (6 humans, 32 bundles, and 479 fibrils); in this case,
the fixed effect τ is the animal type.

Analysis 2: Comparison of three different tissue types in
ovine: ovine bone (15 animals, 32 bundles, 340 fibrils), ovine
dermis (4 animals, 26 bundles, and 340 fibrils), and lamb tendon
(4 animals, 17 bundles, 198 fibrils); in this case, the fixed effect τ
is the tissue type.

Within each nested analysis, differences betweenD-spacing
averages, components of variance, and their significance were
examined. It should be noted that only one 3.5 μm � 3.5 μm
region per bundle is used in these two analyses.
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In 1 of the 26 bundles in ovine dermis (Figure 6) and 4 of 17
bundles in lamb tendon (Figure 5 and Supporting Information
Figure S2), we investigated multiple regions along the axial
direction of one bundle or fascicle (over ∼20�40 μm distance)
to assess the axial persistence length of these bundles. We
examined regions perpendicular to one fascicle (over ∼40 μm
distance) in lamb tendon (Supporting Information Figure S3).
We employed another nested model (see Supporting Informa-
tion, S. Eqs a�f) to include the variance component of regions.

Analysis 3: Estimate the region-to-region variance, and
how it compares to bundle-to-bundle variance: ovine dermis
(4 animals, 26 bundles, 31 locations, and 376 fibrils); lamb
tendon (4 animals, 17 bundles, 49 locations, and 515 fibrils).
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