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Abstract

Collagen fibrils are essential for metazoan life. They are the largest, most abundant, and most versatile
protein polymers in animals, where they occur in the extracellular matrix to form the structural basis of tis-
sues and organs. Collagen fibrils were first observed at the turn of the 20th century. During the last
40 years, the genes that encode the family of collagens have been identified, the structure of the collagen
triple helix has been solved, the many enzymes involved in the post-translational modifications of colla-
gens have been identified, mutations in the genes encoding collagen and collagen-associated proteins
have been linked to heritable disorders, and changes in collagen levels have been associated with a wide
range of diseases, including cancer. Yet despite extensive research, a full understanding of how cells
assemble collagen fibrils remains elusive. Here, we review current models of collagen fibril self-
assembly, and how cells might exert control over the self-assembly process to define the number, length
and organisation of fibrils in tissues.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Collagen assembly is a complex explains how cells were able to construct the skele-
multiscale problem tons of dinosaurs exceeding 40 m in length, yet use

the same fibrils to build a transparent cornea or the

Collagen fibrils appeared at the dawn of stapediug te_ndon, wh_ich is a mere 125 um in length
multicellular evolution [1-3], when cells acquired  [6]. The fibrils range in abundance from a few per-
the ability to construct tissues using semi-rigid ~ Cent in endocrine organs such as pancreas [7] to
extracellular polymers to provide long-range  15%inlung[8] and 90% of the mass of tissues such
mechanical connectivity and sites for cell attach- @S tendon [9,10]. Overall, collagen fibrils account for
ment. These fibrils have evolved to be the primary ~ 25% of total protein in vertebrates [11].

tensile element in a wide range of tissues, where Collagen  self-assembly is an inherently
they are organized into architectural structures  Multiscale process, in both space and time, that
ranging from gels, to parallel bundles, and orthogo-  involves the aggregation of monomers to form
nal lattices. larger-scale organised structures [Fig. 1]. A

Collagen fibrils are roughly cylindrical with two ~ Multiscale system integrates processes occurring
tapered tips [4], can be up to 500 nm in diameter, ~ at different length and time scales, making any
and centimetres in length [5]. The remarkable ver- ~ attempt at understanding the system as a whole
satility of collagen to assemble into fibrils of different ~ challenging. For example, collagen fibrils may
sizes and pack into a variety of tissue architectures ~ Pe centimetres in length [5], and yet they are
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Fig. 1. Diagram to demonstrate how processes involved in the assembly of collagenin vivo cross multiple scales in
both space and time. Lines between processes indicate interactions; those lines that are dotted show hypothesised or
poorly understood links. The precise length and time scales of the growth and organisation of fibrils in vivo are
unknown, as demonstrated by the faded edges of this process bubble, but it is clear that this particular step crosses

several scales and is critical for in vivo development.

formed from monomers with a diameter of only
~1.5 nm; monomers can be produced by cells
at a rate of 2x10° per hour [12], and yet cross-
linked collagen structures survive for decades.
Understanding the assembly and organisation of
fibrils thus crosses 8 orders of magnitude in
space and 4-5 orders of magnitude in time. Sig-
nificant challenges exist in bridging this gap in
scales. Progress has been made at the macro
(large) scale in terms of understanding fibril and
tissue mechanics, and at the micro (small) scale
in the chemistry of collagen monomers, but the
intermediate (mesoscale) regime remains poorly
understood. However, the mesoscale regime con-
tains some of the most interesting and fundamen-
tal problems in collagen fibril assembly. In this
review, we will outline current understanding of
collagen fibril assembly. We will first summarise
the basic properties of collagen, before describing
how in vitro studies, and corresponding mathe-
matical models, have given hints at understand-
ing its self-assembly. Finally, we will outline the
limitations of this work, how in vivo collagen
assembly differs from self-assembly observed
in vitro, and how new approaches could further
our understanding of this problem.

The multiscale nature of collagen

Collagen is multiscale in space

Collagen monomers are ~300 nm length and
~1.36 nm in diameter in solution [13], with an
effective packing diameter of 1.52 nm [14], and

assemble in their millions to generate fibrils with a
wide variety of diameters. The narrowest collagen
fibrils occur in vitreous humor (~10.5-12.0 nm)
[15] and cartilage, where “thin” (~16 nm) and thicker
(~25-50 nm) fibrils occur [16] alongside hyaluronan
and large proteoglycans in a fibre composite gel
that resists compression. Relatively thin fibrils
(~25 nm) can be found in cornea [17], where they
are organized in an exquisite orthogonal lattice
[18,19] that is mechanically strong and yet com-
pletely transparent. In contrast, “thick” collagen fib-
rils occur in tendon, where the ability of the fibrils to
transmit high forces is important. “Narrow” (~50 nm)
fibrils are deposited by embryonic tenocytes into
bundles that are parallel to the tendon long axis.
However, soon after birth (in mouse) this unimodal
distribution of diameters changes to a multimodal
distribution with three peaks at 50 nm, 150 nm,
and 250 nm [20].

Much is known about the diameter of fibrils in
tissues, but relatively little is known about fibril
length. The magnification required to resolve a
single fibril in a tissue is such that tracking the
fibril from one end to another would require a
prohibitively large number of separate images,
so direct measurement of fibril lengths in vivo is
extremely challenging. Theoretical work based
on the frequency of fibril tips in sample images
has estimated mean fibril lengths on the order
of 10 mm in rat tail [5]. However, the paucity of
fibril ends (or tips) introduces large errors in this
estimate. Other studies have observed whole fib-
rils in echinoderms (starfish) and found a maxi-
mum length of 600 um [21].



To further complicate matters, fibrils can fuse by
tip-to-tip interactions [22] and by tip-to-shaft interac-
tions to generate Y-shaped branches [23]. Conse-
quently, the question of “How long is a fibril?” is
not simple to answer. It most probably varies with
developmental stage, anatomical site, and the
stage of growth of the fibril. However, if Y-shaped
structures are common, then the fibril length is
poorly defined. What is clear, however, is that colla-
gen monomers can be assembled into structures
several orders of magnitude longer than the mono-
mers themselves.

Collagen is multiscale in time

In vertebrates, collagen fibril assembly begins
when the vascular and musculoskeletal systems
need to withstand hydrodynamic, compressive,
and tensile loads. In mouse, fibril assembly begins
at around 14.5 days after fertilisation (embryonic
day 14.5 or E14.5) [24], and around embryonic
day 10 in chick [25]. By the end of embryonic devel-
opment, just 9 days later in mice, the fibrils have
grown in number and length sufficiently to transmit
forces through tendons and ligaments [Fig. 4] for
locomotion, and establish the fibrous framework of
organs including liver, lung, blood vessels, and skin.
This underscores that assembly and organisation of
collagen can occur relatively quickly. However,
studies in mice have shown that the three-
dimensional organization of fibrils that was estab-
lished during embryonic and early postnatal growth
remains unchanged after birth [26]. Thus, the colla-
gen fibril bundles in tendon and ligament, bas-
ketweaves in skin and blood vessels, and
orthogonal lattices in cornea, form stable, lifelong
frameworks, maintained over orders of magnitude
longer than the timescales of their original
assembly.

Not only is the collagen matrix effectively
permanent, but the constituent fibrils are too. It
has been shown that the collagen in fibrils in
tendon and cartilage remain throughout life
without renewal or turnover [27—-29]. This means
that the collagen molecules that are assembled into
fibrils during embryonic growth are the same mole-
cules that are in the tissue when the organism dies,
perhaps decades later. The high stability of collagen
is also apparent in collagens that have been
extracted from the remains of extinct animals pre-
served in permafrost [30,31], where other proteins
and nucleic acids have long since degraded.

The permanency of collagen has advantages: for
example, the fibrils provide a stable framework that
shields cells against damaging forces. It is
estimated that the tendons in a galloping horse
experience ~16 kN per kilogram of body mass
[32], forces that would readily destroy the resident
tenocyte cells if it were not for the stressshielding
properties of the collagen fibrils that make up the
majority of the mass of the tissue. However, the per-
manence of fibrils means that if they are damaged

or removed by injury or disease, they cannot be
replaced in a like-for-like manner. For example, dur-
ing wound-healing, the new collagen fibrils that are
deposited have a different organization and packing
compared to the surrounding tissue, leading to the
appearance of a scar. These observations demon-
strate that collagen crosses orders of magnitude
in time, much as it does in space.

Molecular structure and spatial
organisation of collagen

Collagen nomenclature

The criteria for classifying a protein as a collagen
have not been established precisely. All collagens
comprise three polypeptide chains (called o-
chains) wound into a supercoiled triple helix in
which each «-chain is formed from repeating Gly-
X-Y triplets [33], a residue of glycine, frequently
combined with imino acids proline and hydroxypro-
line [34,35]. As with all proteins, these polypeptide
chains have an N- and C- terminal end; in collagens,
the triple helix is formed by association of the C-
termini and zippering of the helix in a C to N direc-
tion [36]. However, not all proteins that contain a tri-
ple helix are considered collagens [37]. It is
generally agreed that there are 28 distinct “types”
of collagen in vertebrates [37,38], but almost 200
in C. elegans [39].

Collagens can be homotrimers comprising o-
chains encoded by a single gene or heterotrimers
comprising two or three different types of a-chain
encoded by different genes. Each «-chain is
identified by an Arabic number and a Roman
numeral in parentheses. For example, type Il
collagen has three identical «1(ll) chains and type
Il collagen has three identical «1(lll) chains,
encoded by genes Col2al and Col3af,
respectively. In the gene nomenclature, the first
Arabic number refers to the collagen “type” and
the second Arabic number refers to the «-chain.
Some collagens are heterotrimers of two or three
different a-chains. For example, type | collagen is
a heterotrimer of o1()>22(l) encoded by two
genes, Col1al and Col1a2. Type V collagen is an
example of a heterotrimeric collagen that can exist
in two forms: a1(V)02(V) and o1(V)a2(V)a3(V).

Collagen molecules are synthesized as
procollagens

The classical fibril-forming collagens are types I,
I, 1, V, and XI, with collagens XXIV and XXVII
included on the basis of structural similarities.
Analysis of protein-coding variations in the human
genome showed that genes encoding collagens |,
I, 1N, V, XI and XXVII are intolerant to protein-
truncating variants [40], which definitively illustrates
the requirement of collagen fibrils for life.

An important feature of fibrillar collagens is that
they are synthesized as procollagens, containing



an uninterrupted triple helix with globular domains
at each end. These globular domains are the N-
and C-propeptides, which are removed by
procollagen N-proteinases and C-proteinases,
respectively [Fig. 2a]. There are three N-
proteinases: ADAMTS-2, —3, and —14 [41]. It has
been shown that the N-proteinases exhibit maximal
activity when procollagen is properly folded into a
triple helix [42]. In fact, mutations in collagen genes
that change the structure of the triple helix (even
hundreds of residues C-terminal to the N-
proteinase cleavage sites) can stop cleavage of
the N-propeptides [43,44] and result in abnormal
fibril assembly [45]. It was postulated in these stud-
ies that as the procollagen triple helix folds in a C to
N direction, changes in chain alignment caused by
amino acid substitutions or deletions would be prop-
agated to the N-terminus and change the conforma-
tion of the procollagen molecule where N-
proteinase cleaves. The reason why N-
proteinases require a triple helical conformation of
procollagen molecule is unclear. Electron micro-
scope evidence suggests that the N-propeptides
of type | procollagen are in a “bent back” conforma-
tion [46], which might present the scissile bonds to
each of the three a-chains to N-proteinase. Whether
or not the N-propeptides of type Il and Il procolla-
gen are also ’bent back’ needs to be confirmed.
These observations point to the N-propeptides hav-
ing more than simply a propeptide function to help
keep procollagen soluble, but might instead sug-
gest an important role in controlling fibril assembly.
In contrast, the C-proteinases (which are members
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of the BMP1/mTId family) have a broad substrate
specificity not restricted to procollagens [47].

Following the removal of propeptides, each end of
the collagen triple helix terminates at a set of short
extra-helical peptides, known as telopeptides
[Fig. 2a). These non—helical strands are critical for
normal fibril assembly, and are involved in
collagen cross-linking, mediated by the lysyl-
oxidase enzyme (LOX), which permanently binds
adjacent monomers together. Proteolytic removal
of telopeptides has been shown to inhibit collagen
| fibril self-assembly [48], and adding synthetic
telopeptide-like peptides to a self-assembly system
inhibits fibril assembly by blocking binding between
telopeptides and neighbouring monomers [49].

The presence of a propeptide (or proprotein)
domain that renders a protein inactive is typical of
secreted proteinases, growth factors and
hormones. The presence of two propeptides, as in
procollagen, is unusual. Given the impact of
propeptide cleavage on assembly, it is possible
that having two propeptides, and different families
of proteinases to remove them, provides spatial
and temporal control of fibril assembly. Removal
of the C-propeptides, to generate pNcollagen,
dramatically = decreases the  solubility of
procollagen and is essential for fibril formation
[50]. Removal of the N-propeptides is not essential
for fibril formation. In the case of type | procollagen,
retention of the N-propeptides can modulate the
shape of fibrils in vitro[51] and in vivo [46]. Retained
N-propeptides of type | and Il collagen have been
detected in human skin [52].
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Fig. 2. a, Diagram of procollagen cleavage to collagen by removal of the N- and C-propeptides from a monomer. b,
Diagram showing two possible distribution outcomes for 24 collagen monomers.
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Collagen fibrils are “molecular alloys”

Collagen fibrils are heterotypic polymers
comprising 3 main components: a “major” fibrillar
collagen, specifically type | or Il collagen; a
“minor” fibrillar collagen such as type V in cornea
[53] or type Xl in cartilage; and a FACIT (Fibril Asso-
ciated Collagen with Interrupted Triple helices) col-
lagen such as type IX, XIl, or XIV, which can also
bind a wide range of soluble and membrane-
associated molecules [54-56]. Absence of type |
[57] or Il [58] collagen leads to major skeletal defi-
ciencies and is incompatible with life; mutations in
genes encoding these collagens result in severe
skeletal disorders, notably (but not exclusively)
osteogenesis imperfecta and achondrogenesis,
respectively. Mutations in genes encoding type V
and Xl collagens cause the Ehlers-Danlos and
Stickler/Marshall syndromes, in which affected indi-
viduals can have a range of skeletal and occular
problems [59]. Studies in developing mouse have
shown that the core fibrillar network in cartilage is
a cross-linked copolymer of collagens II, IX, and
XI [60]. Of special interest, autosomal recessive
chondrodysplasia (cho) in mice lacking collagen XI
affects cartilage in limbs, ribs, mandibles, and tra-
chea, and is accompanied by the absence of thin
fibrils and the appearance of thick fibrils [61]. The
thin fibrils have an exquisite 10 + 4 microfibril struc-
ture with the inner core and outer shell of microfibrils
tilted by ~3° to the fibril axis [62]. The absence of
thin fibrils in the cho/cho mouse suggests that colla-
gen Xl is either required to initiate the assembly of
the thin fibrils, or has a major role in limiting the lat-
eral growth of fibrils.

In fibrous, mineralized and vascular tissues, the
fibrils are predominately type | collagen with
smaller amounts of type Ill and V collagen, and
can have either type Xll or XIV at their surfaces
[63]. Studies have shown that collagen-I containing
fibrils do not form in the absence of collagen V
in vivo [64], which illustrates the importance of type
V collagen in the assembly of type | collagen-
containing fibrils. Collagen XllI- and XIV-null mice
demonstrate delayed endothelial maturation [65],
and mutations in Col12a1 cause myopathic Ehlers-
Danlos Syndrome with a clinical phenotype involving
both joints and tendons [66]. The fibrils can also bind
small proteoglycans including decorin [67,68], fibro-
modulin [69], and lumican [70], with important roles
in controlling fibrillar alignment and size [71].

These studies have shown that fibrils formed
in vivo are “molecular alloys” (the term first coined
by [72]) comprising a major, minor, and FACIT col-
lagen. The ability of type | collagen to co-polymerise
with types Ill and V, and for type |l collagen to co-
polymerise with collagens types Xl and Il [73],
and for these fibrils to bind a variety of molecules
at their surfaces, helps to explain the versatility of
fibrils as the primary scaffolding component of tis-
sues. However, precisely how the multitude of com-
binations are controlled in vivo remains unclear.

Long-range organization of fibrils

The three-dimensional organization of the fibrils
within a tissue plays a crucial role in determining
its mechanical properties, and this organisation
varies radically from tissue to tissue. The
orientation, degree of alignment, cross-link
density, volume fraction, and relative length
distribution of the fibrils all contribute to the
differing mechanical needs of each tissue. The
orientation of the fibrils determines what kinds
of loads the tissue can resist effectively. In
tendons, the fibrils are strongly aligned with the
tendon’s longitudinal axis to withstand uniaxial
tensile loading [74]; in arteries, fibrils are
arranged helically in lamellar units with alternating
chirality [75] to resist radial deformations; in skin,
fibrils exhibit a high degree of dispersion, which
provides resistance to deformations in multiple
directions [76]. In some ways, these tissues
behave, mechanically, like modern, man-made,
fibre-reinforced composite materials, which are
commonly produced using glass, carbon, or ara-
mid fibres for engineering applications. In both
cases, the fibres are the main load-bearing com-
ponents as they have a much higher tangent
modulus than the matrix in which they are
embedded. Uniaxial composites (like tendons)
display transversely isotropic material behaviour,
whereas laminated materials (like arteries) are
orthotropic. As a result, many of the mathemati-
cal methods that are used to model these mate-
rials [77] can be borrowed and adapted to model
soft tissues. In contrast to these engineering
composites, in which the fibres are often embed-
ded in a relatively stiff, solid matrix such as cured
epoxy, however, collagen fibres are embedded in
a proteoglycan-rich, viscous matrix, which
enables the fibres to slide relative to each other
[78]. To mimic this structure, biomaterials scien-
tists have created soft composites, consisting of
electrospun [79], solution blow spun [80], or
three-dimensionally printed [81] polymer microfi-
bres embedded in a hydrogel matrix. The fibres
provide mechanical reinforcement, whilst the
hydrogels can be loaded with biological agents
to improve biocompatibility and allow fibre sliding.

The relative length distribution of the fibrils directly
determines the shape of a tissue’s stress—strain
curve [76,82,83]. Within a fixed length of tissue at
rest, the fibrils all have an arc length that is longer
than the section of tissue, with this extra length being
accommodated by fibril tortuosity, or crimp. Each fib-
ril has a slightly different arc length to the others, pro-
ducing a distribution. As a tissue is stretched, its
fibrils straighten one-by-one and contribute to the
stiffness of the tissue only once taut. This process
is often called collagen recruitment [84,85], and
gives rise to a J-shaped stress—strain curve that is
characteristic of all soft tissues. By manufacturing
solution blow spun biomaterials with a distribution
of wavy fibres, it has recently become possible to



reproduce this J-shaped stress—strain behaviour
[80].

The role of cross-link density in collagen fibrils is
clear: the higher the cross-link density, the stiffer
the tissue [86]. Fibril volume fraction is also thought
to affect tissue mechanics, but the relationship is
less clear. Theoretically, since collagen is generally
much stiffer than other extracellular matrix compo-
nents, the larger the ratio of collagen to non-
collagen, the stiffer the tissue should be [87]. Math-
ematical models often assume that the amount of
strain energy stored by the collagenous and non-
collagenous parts of the extracellular matrix is lin-
early proportional to their respective volume frac-
tions [88,89]. It is extremely difficult to test
experimentally whether this theory holds in soft tis-
sues, however, as this would require the production
of tissue samples that differ only in their collagen fib-
ril volume fraction, without also affecting other fac-
tors such as the relative length distribution.

A large and continually developing body of work

has begun to disentangle the relationships
between collagen architecture and tissue
mechanical function, but the mechanisms by

which the cells produce such complex three-
dimensional structures remain largely unknown.
However, it is reasonable to suppose that the
lengths, diameters, and organisation of fibrils play
a crucial role in determining tissue mechanical
properties, and therefore cells must exert careful
control of these factors during development.

Collagen self-assembly

Self-assembly in vitro

The nucleation and growth of collagen fibrils can
occur in a minimal system of purified collagen
molecules in a warm, neutral buffer [90,91], and
indicates an intrinsic tendency to self-assemble.
Warming a cold acetic acid solution of collagen, fol-
lowed by neutralisation, results in an accumulation
of early collagen fibrils with smoothly tapered tips
when less than 1% of the collagen has assembled
[90]. These fibrils are unipolar, meaning the N-to-
C orientations of all monomers are aligned
[Fig. 3b]. They are typically ~20 nm in diameter
and ~5 um in length. A diameter limitation is evident
at this early stage of growth, as the tips show a
gradual flattening of the mass profile [Fig. 3a], but
lack the abrupt diameter limitation observed in the
tips of collagen fibrils formed in embryonic tissues
[92]. These early fibrils can readily fuse as their con-
centration increases and this process contributes to
an increase in fibril size leading to the broad range
of diameters in the final gel, typically 20-80 nm
[90]. Growing short reconstituted fibril seeds in a
dilute collagen solution avoids inter-fibrillar fusion,
allowing individual fibrils to grow in length at uniform
diameter [93]. The fibril assembly pathway is criti-
cally dependent both on the intactness of the
telopeptides [94] and also on the order of warming

and neutralisation of the initial cold, acid solution
of collagen: neutralisation followed by warming
leads to an accumulation of thin filaments in the
early stages of fibril assembly, rather than short fib-
rils with tapered ends [90].

An alternative fibril assembly system, to match
the steps occurring in tissue, is based on a
starting solution of pCcollagen and C-proteinase
[95]. Fibrils assemble along with the enzymatic
cleavage of the pCcollagen to form the collagen
monomer. These fibrils are found to have two
polarised tips with C-termini of the molecules in both
tips pointing to a point of maximum diameter in the
fibril where molecules are in anti-parallel register
[96]. Fibrils of this polarity type, with two N-
terminal tips and a central region of polarity rever-
sal, have subsequently been identified in tissue
and are described as N,N bipolar fibrils [97,98].
Despite the symmetry of molecular polarity in the
two tips, the fibrils generated in this cell-free system
have a shape polarity with a relatively coarse o-tip
and fine f-tip. The tips show a near uniform
increase in mass per unit length with distance from
the end [4]. The gradients of mass per unit length
are found to have a dependence on the C-
proteinase to pCcollagen ratio used in the assembly
system, with higher enzyme:substrate ratios giving
rise to greater mass slopes at the tips [99].

Evidence of surface nucleation in collagen fibril
growth was obtained from a simple seeding
experiment where fibril length fragments from
chick embryonic tendon were used as seeds in a
solution of type | collagen [100]. Almost all fibril frag-
ments initially had square broken ends after the
mechanical extraction procedure, but ~95% of
these formed spurs of growth in the solution of col-
lagen monomer, which slowly elongated over sev-
eral hours to form smoothly tapered tips.

Self-assembly in silico

Theoretical and computational models provide
important tools in understanding the mechanisms
of complex systems, with the ultimate aim being to
formulate a complete multiscale model of a given
system. For collagen assembly, the inherent
diversity of length and time scales in the
hierarchical self-assembly process makes a full
multiscale theoretical understanding particularly
challenging [Fig. 1]. This problem motivates a
variety of theoretical approaches; each approach
typically addresses a specific scale in length and
time.

An organising principle acting across all scales is
the idea of free energy minimisation. An energy that
reflects the intermolecular interactions, which could
be electrostatic, covalent or otherwise, plus any
external constraints, such as spatial confinement,
can be associated with any configuration of
monomers. Self-assembly involves changes in
molecular configurations to lower free energy
states, against a viscous drag from the
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Fig. 3. a, Comparison of fibril mass profiles in vivo and in vitro. b, Image of a single collagen fibril formed in vitro.
The N and C ends of the fibril are deduced by analysis of the D-periodic staining pattern. This fibril is unipolar with a

length of 6 um.

environment, generally in the presence of noise
associated with Brownian motion. There are likely
to be multiple minima in the free energy
landscape, the majority representing disorganised
configurations, and a fundamental question is how
the self-assembly process can be driven towards
those few states with high spatial organisation.
Existing work on macromolecular assembly has
typically involved explicit, discrete Brownian
dynamics, Monte-Carlo, or molecular dynamics
models [101,102]. Collagen can be modelled as a
semi-flexible diffusive rod using a discrete worm-
like-chain model [103] with Brownian motion. How-
ever, the narrow diameter of a collagen triple helix
relative to the scale of a fibril ensures that any expli-
cit simulation of assembly will impose a large com-
putational cost; very small spatial perturbations
could result in very large changes in force for neigh-
bouring monomers, requiring very small time steps
in system integration. Such small time steps make
simulating the diffusion of a monomer over the
lengthscale of a fibril challenging. This computa-
tional cost limits the scale of such simulations to
small systems in space, or short simulations in time.
For example, explicit modelling of collagen triple
helix folding has been performed using the
OpenMM molecular dynamics library [104], but
such systems require only 3 individual worm-like-
chains [105]. Modelling larger systems comes with
a penalty in simulation length. This issue is exempli-
fied by the work of McCluskey et al. [106], who use
the LAMMPS molecular dynamics library [107] to
model the in vitro self-assembly of collagen. Each
collagen monomer is treated as a flexible chain of
200 1.5 nm beads. This chain is divided into nine
regions, with even-numbered segments being
slightly longer (37.5 nm) than the odd-numbered
ones (30 nm), and attractive interactions between
even segments in separate monomers, attractive
interactions between odd segments, and repulsive

interactions between even and odd segments.
Monomers are predicted to aggregate first into
dimers and trimers, then into long, narrow filaments
a few monomers in cross-section. Thus they predict
that axial growth precedes lateral growth, and that
monomers aggregate into initially disordered fibrils,
which slowly cystrallize into an ordered state with a
clear D-band pattern. Accompanying experiments
reveal the timescale of the process, showing a rise
in turbidity over 20—40 min as monomers in solution
assemble and crystallize into fibrils, and the model
shows some success in matching this behaviour.
However, this model is subject to the computational
limits discussed previously, and is only able to
model relatively small assembly systems for a short
period of time. Furthermore, it gives no considera-
tion to cross-linking, despite experiments in the
paper demonstrating that telopeptides are required
for assembly.

These computations [106] represent the current
state of the art in simulating collagen self-
assembly. Similar work, also using LAMMPS, has
studied assembly of “collagen-mimetic” rods [108],
but neglects specific details of collagen itself to
achieve simpler dynamics. Other recent studies
using coarse-grained molecular dynamics have
explored the influence of axial stretch on the organ-
isation of the assembled fibril [109], but without sim-
ulating the origin of this organisation. Additional
work has studied the self-assembly of rod-like parti-
cles [110], and of collagen specifically [111,112], by
diffusion limited aggregation, but it is notable that
such principles lead to branching structures that
lack the hallmarks of collagen fibril self-assembly.

It is worth comparing modelling work on collagen
assembly to the broad literature of theoretical work
on actin assembly [113], microtubule assembly
[114,115], and amyloid plaque formation [116].
These systems appear similar: all involve the forma-
tion of filamentous structures from smaller subunits.



However, collagen is again distinguished by its mul-
tiple lengthscales. Actin, microtubules, and amyloid
plaques form much shorter fibres from globular sub-
units that lack the enormous aspect ratio of a colla-
gen monomer. These differences make such
systems more tractable in traditional particle-
based modelling.

Collagen assembly in vivo

Assembly in vitro does not explain in vivo
observations

We have seen how past work has begun to
elucidate the mechanisms of in vitro collagen
assembly. However, complicating matters further,
fibrils formed by self-assembly in vitro differ from
those observed in vivo. For example, in vivo fibrils
show a distinct radius limitation that is not
observed in vitro, as was discussed previously
and shown in Fig. 3a. Additionally, collagen self-
assembled in vitro forms a randomly oriented gel,
in which there is no control of fibril length, number,
or orientation. A given number of collagen
monomers could form any distribution of fibril
number, lengths, and diameter [Fig. 2b]; we have
previously discussed how these properties are
critical in determining tissue mechanics [76], and
that in vivo fibrils are very precisely distributed, for
example into parallel bundles in tendon [Fig. 4].
We are thus left with a number of unanswered ques-
tions: How is fibril diameter controlled in vivo? What
determines the number of fibrils in vivo? What
determines the lengths of these fibrils? How are fib-
rils oriented correctly for a given purpose? Given
the additional differences between in vivo and
in vitro assembly, novel approaches will be required
to answer these questions.

Additional insights into the molecular regulation of
collagen fibril assembly in vivo have come from
studies of the Ehlers-Danlos syndrome (EDS),
which is a heterogeneous group of connective
tissue disorders featuring hyperextensible, fragile,
easy bruising skin, joint hypermobility, and
abnormal wound-healing. The majority of the
genes linked to EDS encode the fibrillar collagens
types I, Ill and V, and enzymes that modify
procollagen including ADAMTS2 [117]. These stud-
ies showed a direct cause and effect of structural
changes in type I-containing collagen fibrils and
the mechanical properties of tissues. Tenascin-X
is an extracellular matrix glycoprotein found in skin,
muscle, tendons and blood vessels, and was the
first non-collagen gene shown to cause classical-
like EDS [118]. Mao and colleagues showed that
the skin of tenascin-X deficient mice had 40%
reduction in fibril numbers. Solving the conundrum
of how tenascin-X helps to regulate collagen fibril
number will be an important step forward in under-
standing the complexity of cellular control of colla-
gen fibril formation in vivo.

Fig. 4. Electron micrograph showing a cross section of
mouse tail tendon at embryonic 18.5 days. Collagen
fibrils appear as bundles of regularly-spaced dark spots,
demonstrating the perfect alignment and high degree of
spatial order in the long-range organisation of tendon
fibrils.

The plasma membrane is the limit of direct
cellular control

Uncontrolled self-assembly of collagen fibrils is a
combination of chemistry and physics. The results
of uncontrolled self-assembly are observed
in vitro; the particular issue of in vivo assembly
now becomes a question of how cells can
influence the environment around them to change
the physical and chemical landscape such that
ordered fibril development will occur.

Whilst the procollagen and collagen molecules
are transiting through the secretory pathway the
cell has full control of pH and other solution
conditions that can influence protein assembly and
aggregation. Therefore, even though the
procollagen can be processed to pNcollagen,
pCcollagen and collagen during transport
[24,119,120], the cell can exert active negative con-
trol of collagen fibrillogenesis [121]. How the cell
achieves this is unknown. What is clear, however,
is that the plasma membrane is the limit of the cell’'s
ability to directly control the collagen it produces,
and is the final point from which it can influence its
environment and must therefore exert control over
collagen fibril assembly, fibril number, and matrix
organization.

The suggestion that the plasma membrane is the
site of collagen fibril formation is not new. In the
1940s, fibres were observed at the cell surface
[122], and in the 1970s, collagen fibrils were seen
in plasma membrane invaginations of embryonic
fibroblasts [123]. With improvements in image han-
dling software [124], the commercialization of serial
block face-scanning electron microscopy (SBF-
SEM) [125], and the development of suitable prepa-
ration protocols [126], it has been possible to obtain
volumetric three-dimensional reconstructions of
embryonic tendon [127] and cornea [18] showing
collagen fibrils in plasma membrane invaginations,



known as fibripositors. Fibripositors exhibit a range
of morphologies, from simple invaginations of the
plasma membrane (recessed fibripositors) to
finger-like projections (protruding fibripositors)
[127]. They are actin-dependent structures and
usually contain just one fibril tip.

Although transmission EM and SBF-SEM provide
high resolution images of fibripositors, the samples
are chemically fixed, dried and embedded in resin
prior to imaging. Consequently, it is challenging to
perform time-resolved studies to obtain a detailed
insight into the role, or roles, of fibripositors. For
example, we do not know their rate of formation, if
they are static or dynamic structures, or if they are
exclusively involved in fibril assembly at the
exclusion of fibril turnover. More recently, using
CRISPR-Cas9 to tag the pro«2(l) chain of type |
collagen with photoswitchable Dendra2, it has
been possible to image, live, collagen fibril
synthesis by fibroblasts in culture [128]. All the fibrils
synthesized by the cells were attached to the
plasma membrane. Also, cells migrating over colla-
gen fibrils pull and align the fibrils to facilitate end-to-
end fusion, which had been suggested to be a mode
of rapid growth in length of fibrils [129].

In addition to directly interacting with fibrils at the
plasma membrane via fibripositors, cells are able to
exert indirect influence over longer distances. For
example, it has been shown that cells can
remodel existing collagen fibril networks around
them to transmit forces and communicate with
other cells simply by exerting stress on nearby
fibrils [130-132]. Such stresses are propagated
through a fibril network by steric interactions with
other fibrils.

These results give hints as to how cells control
in vivo fibril assembly, but we still lack a
comprehensive understanding that integrates all
factors and scales.

New approaches to unanswered questions

We have previously discussed how collagen
assembly is an inherently multiscale process for
which a single theoretical framework may never
be sufficient to capture all aspects of the system.
This is especially true in vivo. We saw how, in
past work, explicitly modelling collagen monomers
in  Brownian dynamics and Monte-Carlo
simulations helped to elucidate the behaviour of
collagen self-assembly in vitro. We also
recognized the limitations of such systems to
capture the length scales of both a single
monomer and a large fibril due to their
computational cost. This cost poses a barrier to
using such techniques to study assembly for an
in vivo system, in which effects on the scale of
cells and tissue cannot be neglected.

Just as one need not track every molecule in the
air to understand the weather, considering larger
lengthscales allows us to avoid explicitly modelling
the behaviour of individual collagen monomers.
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Instead, we can describe properties of the system
as functions that vary continuously in space and
time. For example, the work of Rutenberg and
colleagues [133—137] has made extensive use of
mesoscopic continuum models, inspired by liquid
crystals, to study the organisation of monomers
within a fibril. Instead of resolving individual mono-
mers, their properties, such as orientation, are
described with functions that vary smoothly with
position in a fibril. For example, using a so-called
“director field” [133], a function that captures molec-
ular orientations from the core of a fibril towards its
periphery. Such continuum models require assump-
tions such as cylindrical symmetry. Balancing ener-
getic penalties for distortions of the molecular array
with a surface free energy allows fibril radius to be
related to the twist angle of monomers arranged
helically relative to the fibril axis [134]. The same
group [133] also used a phase field crystal model
to represent D band density modulation, the axially
periodic striations of fibrillar collagen, demonstrat-
ing the coexistence of fibrils of different sizes and
distinct structures, indicating an underlying phase
transition. A further refinement of this approach
incorporates enzymatic cross-linking that is con-
fined to the fibril surface, assuming the enzyme
LOX is too large to penetrate beneath, resulting in
a core where the director field is insensitive to the
D-band surrounded by a shell that is strongly cou-
pled to the D band, with fibril growth being controlled
by the availability of collagen outside the fibril [137].
While the energies underpinning these models
remain an empirical representation of the underly-
ing intermolecular interactions, these models pro-
vide promising mechanistic explanations for
internal fibril structure and radius control. However,
these studies remain agnostic about the precise
mechanisms of assembly, and do not answer the
question of how multiple fibrils assemble and organ-
ise in vivo to form tendons and other tissues.

By moving up in lengthscale again, we can
consider macroscopic models that address the
organisation and properties of bundles of fibrils in
the extracellular space. The organisation of fibrils
in the extracellular space on lengthscales
comparable with the size of individual cells are
described by a variety of macroscale models,
ranging from organised bundles of fibrils in tendon
to more disordered matrix structures seen in
in vitro systems. In the former category, the
diffusion of pCcollagen from the periphery of a fibre
bundle towards its centre was addressed by
Rutenberg et al. [138], who showed that diffusion
must be sufficiently rapid for fibril growth to be homo-
geneous across the bundle. They identified a thresh-
old monomer concentration, determined in terms of
uptake rate and diffusion coefficient, necessary for
homogeneous fibril expansion to take place.

The origin of organization within disordered
matrices has been described with both discrete
and continuum approaches. For example, discrete
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approaches have been used to predict the
reorganisation of a random fibre network in

response to cellular stresses using a
computational  representation of individual
filaments and calculating their interactions

explicitly [132]. Work such as this has shown how
random fibre networks can be remodelled to pro-
duce dense, parallel bundles in response to stress.
Continuum methods can approach these problems
by describing a disordered matrix as a continuous
function that varies in space and time. For example,
Grekas and colleagues [139] used a continuum
approach to demonstrate that the strongly nonlinear
relation between stress and strain for individual
fibrils translates at the network level to a mechanical
phase transition, with tension applied by cells
forming bundles of laterally compressed fibres
within the matrix. A network of fibrils can thereby
reorganise into “tethers” that radiate out from a
contracting cell, allowing the cell to remodel its envi-
ronment. Continuum and discrete network models
can also be combined, as in recent work by Ban
and colleagues [140], showing how remodelling into
dense fibril tethers may be mediated by crosslinks.
These are examples of macroscopic self-assembly,
orchestrated by fibroblasts but exploiting mechani-
cal and biochemical interactions, which can extend
over appreciable distances. This work on tethers
raises the questions: where does a fibril end and a
tether begin? Could similar processes be at work
in fibril assembly in vivo? The answers to such
questions remain unclear, but novel approaches
hold great promise in providing new answers to
old problems.
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