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ABSTRACT

There is an increasing need to generate novel materials for the treatment and augmentation of
bone defects, affecting millions of people worldwide. Fibrillar type | collagen is the most
abundant tissue matrix protein in bone, providing its key native scaffolding material.
However, while in vitro reconstituted collagen hydrogels of physically entangled, nano-fibred
meshes, have long served as three-dimensional cultures, their highly-hydrated nature
impacts their physiological relevance. In an effort to create biomimetic collagen gels,
approaches have been undertaken to generate osteoid-like environments with increased
collagen concentrations, controlled fibrillar orientation, defined micro-architectures, and
tailored mechanical properties. This review describes the state-of-the-art on collagen
densification techniques, exploring their advantages, limitations and future perspectives for
applications as bone grafts. Ultimately, by successfully mimicking the organic milieu of bone
through acellular or cell-mediated mineralisation of the designed osteoid-like structure,
functional collagen scaffolds with potential applications in bone tissue engineering can be
realised.

Abbreviations: 3D: three-dimensional; BG: bioactive glass; CFD: collagen fibrillar density; CHA:
carbonated-hydroxyapatite; Col1: Type | collagen; ECM: extracellular matrix; GAE: gel aspiration-
ejection; HHC: highly hydrated collagen; MSC: mesenchymal stem cell; NCPs: non-collagenous
proteins; PC: plastic compression; PILP: polymer-induced liquid precursor; SBF: simulated

ARTICLE HISTORY
Received 14 October 2018
Accepted 24 February 2020

KEYWORDS

Dense collagen hydrogels;
mineralization; bone; tissue
engineering; extracellular
matrix; hydroxyapatite;
bioprinting; RAFT™

body fluid

Introduction

Worldwide, more than two million bone grafting pro-
cedures are performed annually to treat bone defects,
which may arise from trauma, congenital disease, tis-
sue/vascular necrosis or tumour radiotherapy/excision
[1]. In developed countries, rising rates of obesity and
the aging population are expected to dramatically
increase the demand for orthopaedic procedures and
associated waiting periods for patient treatment. Cur-
rent bone repair techniques include a combination of
autologous, allogeneic, and prosthetic materials.
Although these approaches achieve a degree of func-
tional restoration, they possess inherent limitations,
such as donor-site morbidity, unpredictable graft
resorption, insufficient autologous resources, viral dis-
ease transmission, immunologic incompatibility, and
structural failure [1]. Bone tissue engineering, with its
primary aim being the restoration of function through
delivery of viable elements and integration into living
tissues has, in the last three decades, emerged as a
viable alternative method for bone repair [1,2]. Bone
tissue engineering can involve seeding osteoblastic
cells from a donor source onto a biocompatible,
degradable scaffold in vitro and either implanting

immediately or after a predefined culture period [2].
Therefore, the composition, three-dimensional (3D)
assembly, and resulting meso-scale structure of the
initial scaffold are critical. To this end, there is an
ever-increasing demand for new biomaterials for the
repair, replacement, construction or augmentation of
bone.

It is well known that the structure of a tissue reflects
its function [3], thus the recreation of the appropriate
tissue micro-architecture should be a first objective in
bone tissue engineering applications. The main
element of the tissue micro-architecture is its
extracellular matrix (ECM), which determines its
mechanical properties and dictates the biological
environment for cellular activity by direct or indirect
actions [4]. Based on the relative amounts and organ-
isation of the various ECM components, this molecular
scaffold is unique to each tissue and reflects the distinct
cellular functions within that tissue [4]. The ECM in
bone is primarily made of type I collagen (Coll) and
represents a preformed unmineralised matrix, called
the osteoid, which serves as the native scaffolding
material for bone formation [5]. Osteoblastic cells pro-
duce the collagenous matrix that self-assemble either in
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Table 1. Summary of the main approaches to design an osteoid and strategies for its acellular or cell-mediated mineralisation.

Design of the osteoid

Acellular mineralisation

Cell-mediated mineralisation

Pre-fibrillogenesis ~ Reverse dialysis

solutions

Co-precipitation of calcium-phosphate based Osteoid density-dependent osteoblast mediated

Polymer-induced liquid-precursor

Evaporation

solutions
Injection Non-reported
Combined injection and reverse  Simulated body fluid
dialysis

Post-fibrillogenesis  Plastic compression

Bioactive particle incorporation

Biaxial compression
Gel aspiration-ejection

Non-reported

Bioactive particle incorporation

Simulated body fluid

Simulated body fluid

Co-precipitation of calcium-phosphate based  Non-reported

Non-reported
Non-reported

Osteoid density-dependent pre-osteoblast
mediated

Bioactive molecule stimulating bone-like cell
mineralisation

Non-reported

Osteoid density-dependent pre-osteoblast
mediated

Bioactive molecule stimulating bone-like cell
mineralisation

the extra-cellular space, or inside intracellular vesicles
followed by the secretion of a package of aligned
fibrils [6]. Next, calcium phosphate ions are accumu-
lated inside vesicles within the osteoblasts. At this
point, the mineral is in an amorphous state and vesicles
are secreted into the collagenous ECM. Once secreted,
the amorphous mineral is reduced into nanosized par-
ticles, which infiltrate the gaps in the collagen fibril
where they crystallise [6], a process known as intra-
fibrillar mineralisation. However, the minerals not
only crystallise within, but also in between collagen
fibrils, i.e. inducing inter-fibrillar mineralisation [5].

Since collagen is not only the most abundant protein
in the human body, but also the main component of
the ECM of connective tissues including bone, col-
lagen-based scaffolds are of significant interest as tis-
sue-mimicking constructs [7]. In particular, as the
ECM of bone is rich in Coll, this type of collagen has
been widely used as a scaffolding biomaterial in bone
tissue engineering [8]. For example, Coll sponges,
membranes and films have been used to promote
bone regeneration, whereas drug releasing Coll
micro- and nano-spheres have been shown to increase
the mineralisation ratio of bone marrow stromal cells,
in vitro [8]. Coll-rich native ECM-derived scaffolds
can also be produced by decellularisation, which aims
to remove all cells and cellular antigens while retaining
the bioactive cues that reside in tissues [9].

Coll can also be processed as a hydrogel. Indeed, by
their adjustment to physiological pH and temperature,
acid solubilised collagen molecules create reconstituted
collagen hydrogels through spontaneous fibrillar self-
assembly [10]. Fibril formation (akin to fibrillogenesis,
in vivo), occurs at a range of physiological pH, ionic
strength and temperature to form the native D-banded
fibrils, in vitro [10]. Fibril growth is preceded by a lag
phase, which involves the formation of intermediate
subassemblies [11] that have been identified as the
aggregation of a single collagen molecule into 4D-stag-
gered dimers and trimers [12]. Fibrillar growth then
ensues by the lateral association of trimers, which

results in the overlap zones, creating the trademark
regular D-banded pattern of collagen [12].

Coll hydrogels allow for cell seeding and can be
used as a model to study cell-matrix interactions [8],
by providing a 3D environment, thus promoting in
vivo-like cellular activity, and are recognised as being
distinct from that generated by 2D cultures. Given
these features, collagen hydrogels are appealing as
osteoid-mimicking scaffolds [13]. However, commer-
cial acidic solutions of Coll have concentrations ran-
ging from 2 to 10 mgmL™" and typically result in
highly hydrated hydrogels with collagen fibrillar den-
sity (CFD; the percentage ratio of the dry-to-wet weight
of the gels [14]) values of <1 wt.%, which is a conse-
quence of the casting conditions. Therefore, due to
the looseness of the fibrillar network, in vitro reconsti-
tuted Coll hydrogels lack the hierarchical structural
organisation and mechanical properties of the native
osteoid, representing a limitation for bone tissue engin-
eering applications [15].

To overcome these drawbacks, strategies have been
considered to increase the mechanical properties and
to preserve the fibrillar network of collagen hydrogels.
Various approaches have been developed to generate
osteoid-like dense collagen matrices, which may be
through increasing the initial collagen monomer con-
centration pre-fibrillogenesis [16], or increasing the
gel CFD post-fibrillogenesis [14]. Once the desired
osteoid-like structure has been designed, strategies to
promote its mineralisation have been proposed
(Table 1). The pre-fibrillogenesis approach consists of
increasing the Coll solution concentration that is
then neutralised to initiate the self-assembly and gel-
ling process [16]. Research using this approach initially
focused on geometries that can be obtained spon-
taneously in very condensed states [16], and that are
similar to those observed in connective tissues [17].
Once the desired geometries were generated, the
focus moved on to their acellular biomimetic mineral-
isation [18,19], the structuring of bone apatite [20], and
validation of the dense collagen osteoid models
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Figure 1. (I) Scanning electron microscopy (SEM) image of demineralised and critical point-dried fracture surface of human cortical
lamellar bone. (Il) Higher magnification SEM image of demineralised and critical point-dried human cortical lamellar bone present-
ing co-aligned collagen fibrils with the typical 67 nm D-banding pattern. | and Il are kindly provided by Dr. Natalie Reznikov. (lll)
Transmission electron microscopy image of the filamentous pattern of mineralised collagen fibrils from human lamellar bone show-
ing curved hydroxyapatite crystals of more than 100 nm in length. Inset, diffraction pattern from the circled area showing well-
defined (002) plane-related reflections, which are oriented in the direction of the elongated crystals. Adapted from [6].

through in vitro and in vivo studies [21,22]. The post-
fibrillogenesis approaches of creating dense collagen
gels rely on the expulsion of the casting fluid from
already fibrilised precursor highly hydrated hydrogels,
generated through the neutralisation of a low concen-
tration (from ~ 1-6mg mL™") Coll solutions
[14,23,24]. Research on this approach has focused on
the architectures [14,23,24] and mechanical properties
[14,24,25] of gels of various CFDs. Along with acellular
biomineralisation studies [26], bone cells or their pre-
cursors have been seeded in the osteoid-like matrix to
validate the model [27-29], along with follow-up in
vivo studies [30,31].

This review discusses the various approaches that
have been applied to generate and characterise dense
collagen hydrogels as osteoid-mimicking models and
their mineralisation. In particular, the investigations
assessing hydrogel structural and mechanical proper-
ties, acellular and cellular approaches to reproduce
the bone mineralisation process as well as some in
vivo bone formation studies, are reviewed.

Collagen

Collagens can be found in multi-cellular animals,
representing approximately 30% of all body proteins
and constituting the most abundant form of naturally
occurring scaffolds [32]. To date, twenty-nine collagen
types have been identified as ECM macromolecules
that contribute to both the mechanical and biological
functions of several tissues, such as skin, bone, tendons,
ligaments, blood vessels, and the cornea [33]. Based on
their structure, collagen types in vertebrates can fall
into either fibrillar or non-fibrillar groups. Fibril form-
ing collagens (e.g. types I, IL, III, V, XI, etc.) show the
tendency to aggregate into fibrils that provide tensile
strength to and define the shape of tissues. Non-fibril-
lar collagens (e.g. types IV, IX, XII, XIV, XVI, etc.) do
not form fibrils, and are surface associated with fibrillar
collagens, interacting with other ECM components

such as glycosaminoglycans, proteoglycans, elastin
and other cell-interactive proteins such as fibronectin
and laminin [33].

All collagens are protein complexes with the basic
unit; the triple helix (tropocollagen) composed of
three inter-twisted polypeptide a-chains. The three a-
chains are composed of approximately 1000 amino
acids, comprised of repeats of the basic triplet gly-
cine-X-Y, with every third position being occupied by
glycine and X and Y being frequently proline and
hydroxyproline, respectively [33]. The proline and
hydroxyproline residues are important for the confor-
mation and increased stability of the triple helix,
whereas glycine is important in the assembly of the
right-handed superhelix structure [34]. In homotri-
meric collagens, all three a-chains are identical, e.g.
types II and III consist of three identical al chains,
whereas heterotrimeric molecules consist of two or
three different a-chains as in the case of Coll, which
consists of two al chains and one a2 chain [34].
Coll is characterised by the ability to assemble into
highly orientated supramolecular aggregates with a
characteristic suprastructure, the typical quarter-stag-
gered fibril-array of diameters between 25 and
400 nm [35]. Fibrils are defined by a characteristic
banding pattern with a periodicity of approximately
67 nm, the D-period, based on a staggered arrange-
ment of individual collagen monomers [36]. Hierarchi-
cally, Coll molecules self-assemble into micro-fibrils,
fibrils and then fibres.

In bone, Coll dominates the fibrous osteoid organic
mass, which is initially secreted by osteoblasts (Figure 1
(I and II)) and eventually undergoes mineralisation,
depositing in the architectural form of lamellae or
layers in the bone matrix [37]. The same basic nano-
composite building block exists in all bone types: col-
lagen fibril, reinforced by carbonated-hydroxyapatite
(CHA) nanocrystals (platelets), with their c-axis [0 0
1] preferentially aligned in parallel to the fibril long
axis, and pre-arranged in a matrix presenting a



periodic array of hole and overlap zones (Figure 1 (III))
[38]. It is generally thought that CHA nanocrystals
initially nucleate in the hole zones, eventually outgrow-
ing these and are stored between tropocollagen mol-
ecules, thus generating the interpenetrating organic-
inorganic nanocomposite [6,39]. Mineralised fibrils
self-assemble further into higher levels of structure,
for instance in parallel arrays that rotate across the con-
centric lamellae of osteons [40,41] with further hierar-
chy directed by osteoblasts laying down trabecular and
cortical bone macrostructures [40]. Along with the col-
lagen associated water (at 10 wt.%), both organic and
inorganic components constitute between 20-25 and
65-70 wt.%, respectively [42]. In addition, small quan-
tities of non-collagenous proteins (NCPs), other col-
lagen types, adhesive and mineral-binding proteins,
polysaccharides such as glycosaminoglycans, proteo-
glycans and glycoproteins are also present [6,43].
Despite recent breakthroughs on its hierarchical
structure [6,44], the exact molecular mechanism of col-
lagen mineralisation in bone is as yet not completely
understood [45]. Since Coll by itself cannot induce
apatite nucleation [46], it is thought that NCPs, such
as osteonectin and osteocalcin [47], contribute to the
stabilisation of amorphous calcium-phosphate phases
as nanoprecursors [48], and to the nucleation and hier-
archical assembly of apatite within the collagen scaffold
[41]. Therefore, it is generally accepted that the early
stages of nucleation are represented by the formation
of amorphous calcium-phosphates deposited on the
overlap and gap zones of collagen [49]. This is followed
by further recruitment of calcium and phosphate ions
that induce the spontaneous maturation of the amor-
phous nuclei into the crystalline apatitic phase [50].

Collagen-based hydrogels

Highly hydrated collagen (HHC) hydrogels are classi-
cally prepared by neutralisation of acid-solubilised col-
lagen monomers that spontaneously self-assemble in
vitro at neutral pH and 37°C forming typical D-banded
fibrils [51,52]. The self-assembly of the initial fibrillar
unit involves the amino-terminal non-helical end
region, while the lateral fusion of thin fibrillar units
are driven by the carboxy-terminal non-helical end
[53]. Once neutralised, the collagen solution allows
for cell seeding and the molecular self-assembly process
forms a mesh-like structure around the cells. One of
the earlier defining studies that investigated cell-col-
lagen hydrogel interactions used HHC hydrogels as a
model to study encapsulated fibroblast behaviour
[54]. It was demonstrated that fibroblasts remodelled
the collagen fibrils leading to their denser arrangement,
along with the expulsion of water, thereby facilitating
cell-modulated gel contraction. This work allowed for
the design of a living skin equivalent, which was immu-
nologically tolerated by humans and applied in wound
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healing. Indeed, HHC hydrogels have been used as the
dermal part of Apligraf® and shown to be of particular
benefit in the healing of venous ulcers [55]. Neverthe-
less, due to their highly hydrated nature, in vitro recon-
stituted collagen hydrogels lack the hierarchical
structural organisation and mechanical properties of
the native ECM. The looseness of the fibrillar network
also results in their severe fibroblast-driven contraction
[56-58]. Along with their initial collagen concen-
tration, the type and density of seeded cells also impact
the fibrillar densification process [54]. For example,
while non-fibroblastic, transformed or tumour cells
show reduced levels of contraction [59], smooth
muscle cells or myofibroblasts display greater extents
of contraction [56-58]. In addition, other parameters
have been found to play critical roles in gel contraction
such as a basal level of serum and the presence of
growth factors, with an additional dependence on
mechanical conditioning [60-62]. Furthermore, the
time required to reach a compact ECM-like structure,
e.g. similar to that observed in the dermis in vivo,
requires over three weeks of culture [63]. Therefore,
while HHC hydrogels represent 3D models, the main
drawback is their physiological relevance, where the
low CFD and poor mechanical properties with respect
to native tissues, hinder their suitability for tissue
engineering applications.

Cross-linking approaches

In vivo, collagen fibres possess high tensile strength and
resistance to proteolysis, which can be correlated with
the number of covalent cross-links present in the mol-
ecule [64]. The stabilisation of newly formed collagen
fibres occurs with the formation of cross-links between
neighbouring collagen molecules through the action of
lysine hydroxylase and lysyl oxidase enzymes and
through glycation or oxidation by advance glycation
end-products [65]. However, extracted and acid solu-
bilised collagens are poorly cross-linked, which leads
to weaker reconstituted forms of collagen, character-
ised by generally low mechanical properties and rapid
rates of degradation [64]. To overcome these draw-
backs, efforts had been made to generate cross-links
in vitro, by forming new covalent bonds between the
amino and carboxyl groups of collagen.

Cross-linking (e.g. chemical, physical or enzymatic)
approaches have been shown to produce materials with
increased mechanical properties (e.g. tensile strength
and modulus) for specific applications such as tendon,
skin and cornea [66]. However, despite extensive
research, to date, there is no accepted standard cross-
linking method for the production of collagen-based
materials [67]. Furthermore, while the aim of cross-
linking is to increase the mechanical properties of col-
lagen scaffolds, some approaches may compromise
their biocompatibility by altering their surface
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Figure 2. Summary of the approaches to fabricate dense fibrillar collagen hydrogels. (A-D) Pre- fibrillogenesis approaches: (A)
Reverse dialysis: aliquots of acidic ColT monomer solutions at low concentration (0.3% w/v) are concentrated by dialysis against
polyethylene glycol (PEG), to reach denser states. Adapted from [71]. (B) Evaporation: acidic Col1 monomer solutions at low con-
centration (1-5 mg mL™") are transferred into crystallising dishes and progressively concentrated up to 40 mg mL™" by slow evap-
oration of the solvent under a laminar flow bench in sterile conditions. Adapted from [72]. (C) Injection: acidic Coll monomer
solutions at low concentration (1-5 mg mL™") are slowly and continuously injected into glass microchambers to counteract evap-
oration and progressively increase the Col1 concentration, leading to large concentration gradients. Adapted from [73]. (D) Com-
bined injection and reverse dialysis: acidic Col1 monomer solution at low concentration (1-3 mg mL™") is continually injected in a
closed dialysis chamber. Reverse dialysis process is against PEG, Col1 solution is concentrated up to 300 mg mL™". Adapted from
[74]. (E-I) Post-fibrillogenesis approaches: (E) Plastic compression: precursor HHC hydrogel is subjected to a load and compacted due
to expulsion of the casting fluid resulting in increased CFD [14]. (F) Biaxial compression: precursor HHC hydrogel is compressed
along two orthogonal directions to expel the casting fluid in the direction perpendicular to the plane of compression resulting
in increased CFD and anisotropy [24]. (G) Gel aspiration-ejection (GAE): precursor HHC hydrogel is slowly drawn into a needle
attached to a syringe by applying a negative pressure. Then, a positive pressure is applied to eject an injectable dense collagen
hydrogel [23]. (H) GAE through angioplasty inflation device: precursor HHC hydrogel is perforated, aspiration is applied by gently
turning the handle of the angioplasty inflation device generating a negative pressure which draws the hydrogel into the needle.
Then, a positive pressure is applied to ejected an injectable dense collagen hydrogel by turning the handle of the angioplasty
inflation device in the opposite direction [75]. (I) Automated-GAE: precursor HHC hydrogel is aspirated and ejected through an
ad hoc system equipped with multiple syringe pumps controlled through a computer [76].

ii) Ejection

i

i) Aspiration

biochemistry in a manner that impedes cell attachment
and infiltration and impairs the rate of new tissue
ingrowth and remodelling [68-70].

Collagen hydrogel densification techniques

In order to increase the tissue-equivalency of collagen
hydrogels, a number of approaches have focused on
their densification; either by increasing the collagen
solution concentration pre-fibrillogenesis, or by
increasing the fibrillar density post-fibrillogenesis
(Figure 2). Among the pre-fibrillogenesis approaches,
reverse dialysis [71], evaporation [77], continuous

injection [73] and injection coupled with reverse dialy-
sis [78] have been reported, while plastic compression
(PC) [14], biaxial compression [24], gel aspiration-
ejection (GAE) [23], and automated-GAE [76] have
been reported in the post-fibrillogenesis approaches
(Table 2).

Pre-fibrillogenesis densification techniques

Reverse dialysis (Figure 2(A)) consisted of the slow
removal of water from acidic Coll solutions [71], indu-
cing liquid crystallisation and the formation of highly
ordered fibril arrays in a cell-free system, in vitro. A



Table 2. Summary of the main features of the approaches to fabricate dense fibrillar collagen hydrogels.

Technique

Highly hydrated collagen gels

Pre-fibrillogenesis techniques

Reverse dialysis

Evaporation

Injection

Injection couples with reverse
dialysis

Concentration or CFD

Fibrillar organisation

Mechanical properties

Cell seeding technique
Cell-induced
contraction

Below 10 mg mL™" (>1 wt.% CFD) [54]

Banded fibrils [54]

Non-reported

Within, pre-fibrillogenesis [54]
Severe, up to 99% contraction [54]

Not reported

Highly ordered array of fibrils
[71]

Non-reported

Non-reported
Non-reported

Up to 300 mg mL™" (~30 wt.% CFD) [79]

Regular network or cross-striated fibrils [79]

Modulus up to ~78 kPa (compression test)
with dense collagen hydrogel
(40 mg mL™") [80]

On top of the scaffold [72,81]

Reduced and dependent on the Col1
solution concentration [81]

Up to 1000 mg mL™" (~100 wt.% CFD) [73]

From sphrerulite to loose cholesteric to
dense cholesteric, depending on Col1
solution concentration [73]

Non-reported

On top of the scaffold [73]
Non-reported

Up to 250 mg mL™" (~25
wt.% CFD) [74]
Cholesteric twist [74]

Non-reported

On top of the scaffold [74]

Not observed in dense
collagen hydrogel of
250 mg mL™" [74]

Tissue potentially Skin [54] Non-reported Skin [80], fibrolamellar bone [18] Skin, cornea, bone [73] Bone [74]
mimicked

Advantages Easy to produce, cell-friendly environment Potentially implantable Mechanical properties close to native Useful for fibril arrangements studies Control on final concentration,
tissues no scaffold resorption

Limitations Lacks physiological relevance Small working volume Long evaporation time, formation of a No control on final gel concentration The design structure is
collagen concentration gradient subjected to cell

remodelling
Post-fibrillogenesis techniques
Technique Plastic compression Biaxial compression Gel aspiration-ejection Automated-GAE

Concentration
or CFD
Fibrillar organisation

Mechanical properties

Cell seeding technique

Cell-induced
contraction

Tissue potentially
mimicked

Advantages

Limitations

Up to 25 wt.% CFD (~250 mg mL™") [25]

Regular, dense network of fibrils with lamellar
structure [14]

Modulus up to ~5 MPa (tensile test) with PC-
generated double compressed dense collagen
hydrogel (23 wt.% CFD) [25]

Within, pre-fibrillogenesis [14]

Reduced and dependent of the dense collagen
hydrogel CFD [29,82]

Skin [14], nerve [83], bone [28], cartilage [84],
bladder [85], spinal cord [86], cornea [87]

Particle incorporation, cell-friendly environment

Fragile sheet, highest CFDs negatively impact cell
viability

~10 wt.% CFD (~100 mg mL™")
[24]
Highly aligned fibres [24]

Modulus up to ~3 MPa (tensile
test) [24]

On top of scaffold, post-
fibrillogenesis [24]
Non-reported

Tendon, ligament, annoulus
fibrosus, meniscus [24]
Particle incorporation, cell-
friendly environment, cell

alignment
Anisotropy decreases at the
micro- and nanoscale

Up to 32 wt.% CFD (~320 mg mL™") [75]

High level of anisotropy with dense,
aligned fibrils [23,30,75]

Modulus up to ~4 MPa (tensile test) with
injectable dense collagen hydrogel (18
wt.% CFD) [75]

Within, pre-fibrillogenesis [23]

Non-reported

Long bone [23,30,75], tendon [75], nerve
[23]

SAME as PC, plus fibrillar anisotropy from
the meso- to the nanoscale

Small working volume, human variability

Up to 12 wt.% CFD (~120 mg ml™")

From low to high level of anisotropy with
increasing density [76].

Modulus up to ~0.4 MPa (tensile test) with
dense collagen hydrogel (6 wt.% CFD) [76]

Within, pre-fibrillogenesis [76]
Reduced and dependent on the dense
collagen hydrogel CFD [76]

Long bone, tendon, nerve, skin [76]

Same as GAE, plus reduced human variability,
predictability on gel properties [76]

Possible delamination when hydrogels are
assembled in layers [76]
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Figure 3. (I) Transmission electron microscopy image of a collagen hydrogel produced by evaporation. Superimposed series of
arced patterns, constituted by molecular aggregates. Adapted from [77]. (Il) Scanning electron microscopy (SEM) images of collagen
hydrogels produced by injection. The width of the cross-striated bundles of fibrils varied along the collagen gradient. Wide bundles
are found at more dilute concentrations (A) and narrower bundles with increasing concentrations (B, C, and D). Adapted from [73].
(1) SEM micrographs of collagen hydrogel generated through GAE. Different fibrillar rearrangements can be designed. (A) Lower
extent of fibrillar anisotropy was obtained when using a relatively big needle (i.e. 8G) while (B) higher extent of fibrillar anisotropy

was obtained when using a relatively small needle (i.e. 16G) [76].

progressive and smooth rotation of the molecular axis
was observed, where a criss-cross arrangement of
fibres of 1-10 um in diameter was detected. The slow
evaporation of acid-solubilised collagen solutions
exploited the ability of Coll monomers to self-assemble
in liquid crystalline arrays [79], reaching concen-
trations of up to 300 mg mL™! (Figure 2(B)) (Figure 3
(I)). Fibrillogenesis was then achieved under ammoniac
vapour, resulting in gels with concentration-dependent
stiffness that were used to study cellular responses
[16,80]. Fibroblasts seeded atop proliferated and
migrated into the matrix, where the proliferation was
repressed by more compact collagen networks [72].
The injection approach (Figure 2(C)) counteracted
the evaporation process, thus resulting in dense col-
lagen matrices with concentrations ranging from 5 to
1000 mg mL™! (Figure 3(II)) [73]. A collagen concen-
tration higher than 80 mgmL™' was considered as
similar to that of the native osteoid. Furthermore, the
coupling of continuous injection with reverse dialysis,
achieved concentrations of 250 mg mL™" (Figure 2
(D)) [74]. Regular long-range (in the order of hundreds
of microns) stratifications were detected in the bulk,

forming a cholesteric twist, where the height of each
lamellae corresponded with a 180° rotation of the fibril-
lar directions.

Post-fibrillogenesis densification techniques

PC (Figure 1(E)) consists of the application of a load on
HHC hydrogels to controllably expel the casting fluid
and predictably increases gel CFD [14]. Gel CFD can
reach 25 wt.% depending on the extent, number (e.g.
single or double compression steps) and duration ofload-
ing, which is accompanied by an increase in gel stiffness
and strength [25]. Simultaneously, the structural features,
initially fabricated at the macroscale in HHC gels are
shrunk down to the mesoscale. PC enables cell seeding
within collagen before fibrillogenesis [14,27,28,88-90],
hybridisation through layering [84,91], fibre reinforce-
ment and channelling [92], as well as particle incorpor-
ation [93,94]. The resultant collagen sheets can be
rolled to produce a 3D rod-like spiral construct [25] or
around a mandrel thus resulting in a tubular dense col-
lagen hollow cylinder [90]. Attributable to the ability to
incorporate cells before compression, PC-generated



dense collagen hydrogels allowed the investigation of var-
ious processing and gel parameters on cellular processes,
including their real-time responses to PC [14], CFD [23],
hydraulic permeability and stiffness [25,27,30], initial
seeding density [28], cell proliferation and differentiation
[75,89,95], and their cell-mediated contraction [82,96].
Plastically compressed dense collagen hydrogels have
been proposed to model a broad range of tissues such
as skin [14,89,97-100], nerve [83,101], bone
[27,28,31,84,88,102], cartilage [84,103], tendon [104],
airways [105], bladder [85,106], spinal cord [86], cornea
[87,107,108], joint [109], heart patch [110] and even as a
model to study tumour development [111,112] and
metastasis [113]. Furthermore, this approach of creating
dense tissue equivalent collagen hydrogels has enabled a
product: a 3D dense collagen-based cell culture system or
RAFT™ (Real Architecture for 3D Tissue, Lonza Bio-
sciences Solutions) for use as in vivo-like environments
for stem cell, toxicology, oncology and neuroscience
research and screening.

The biaxial compression of HHC hydrogels was
proposed to produce dense, aligned and porous col-
lagen constructs (Figure 2(F)) [24]. Native connective
tissue-like densities of approximately 10 wt.% were
achieved with multiscale fibril-to-fibre alignment. The
resulting constructs exhibited highly anisotropic
behaviour, where the scaffold modulus along fibre
direction was 2-fold greater than that in the transverse
direction. Furthermore, cells seeded atop were viable,
proliferative and aligned along the direction imposed
by the fibrous construct [24].

Gel aspiration-ejection (GAE) is an alternative
technique to generate aligned, dense collagen hydro-
gels. Through the creation of a negative pressure, pre-
cursor HHC hydrogels can be easily aspirated into a
capillary (e.g. needle), simultaneously inducing their
compaction and mesoscale anisotropy. By subsequent
reversal of the pressure, 3D rod-like injectable
dense collagen hydrogels can be controllably ejected
(Figure 2(G)) [23]. The meso- and microscale reor-
ganisation of collagen nanofibrils resulted in their
alignment along the direction of the aspiration-ejec-
tion, thus enabling the fabrication of hierarchically
organised injectable dense collagen hydrogels. GAE
can be also applied through a clinically relevant angio-
plasty inflation device (Figure 2(H)) [75]. By varying
the needle gauge number (i.e. from 8 to 14G), initial
collagen concentrations (i.e. from 2 to 6 mg mL™),
and moulds for the HHC precursor preparation, the
production of more controlled injectable dense col-
lagen hydrogels of defined CFDs and mechanical
properties (ranging from 5 to 32 wt.% CFDs) was
achieved. Hydrogels with higher CFDs and alignments
lead to greater polarisation of seeded MSC, which dis-
played lower metabolic activity, but greater expression
of osteogenic markers. This may be due to an environ-
ment, which was more similar to the native osteoid
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thus promoting the osteogenic differentiation of
seeded MSCs [75]. More recently, GAE has been
further developed and performed through an auto-
mated system thus allowing a reproducible high-
throughput gel production (Figure 2(I)) [76]. The
high level of reproducibility obtained through auto-
mated-GAE, led to the development of a mathematical
relationship used to predict and tailor hydrogel den-
sity and anisotropy, seeded cell response, and seeded
cell remodelling activity in order to meet the needs
of a target application [76]. In particular, the extent
of fibrillar rearrangement can be tuned to generate
randomly oriented (Figure 3(III, A)) to highly aniso-
tropic hydrogels (Figure 3(III, B)). Additionally,
seeded fibroblasts were polarised along the collagen
fibril direction. Interestingly, gels of different shapes
and geometries (e.g. cylindrical, quadrangular, and
tubular) can be used as mini-tissue building blocks
for the design of intricate structures with possible
uses as tissue models or organoids. This may represent
a possible novel approach for the 3D bioprinting of
collagen-based bioinks [76].

Pre- versus post-fibrillogenesis techniques, the
native ECM-mimicking approach

Although several approaches have been proposed to
design an osteoid-like model through collagen densifi-
cation, to date, there is no ‘gold standard’. In this
review, techniques have been divided into either pre-
or post-fibrillogenesis approaches based on when the
densification occurs. The main differences between
these two categories consist in their cellular appli-
cations and in their ability to recreate single or multi-
scale structural levels of tissues. In the pre-
fibrillogenesis approaches, cells can only be seeded
atop, whereas in the post-fibrillogenesis approaches
cells can be seeded within scaffolds. When cells are
seeded atop, their penetration within the gel can
require weeks of culturing and results in unpredictable
changes in gel microarchitecture due to cell-mediated
remodelling [81]. This may represent a limitation in
clinical applications where the tailoring of a target tis-
sue microarchitecture is key. Furthermore, the scaffold
density dictates the extents of cell penetration and
proliferation, thus limiting cellular activity to the
scaffold outer layers [81,114]. On the other hand, a
scaffold in which cells are homogenously seeded
within may better recapitulate the native structure of
a target tissue. In the post-fibrillogenesis approaches
cells are seeded before gelation thus allowing for
their attachment to the collagen fibrils [14,23,24].
Densification of the scaffold, through controlled fluid
expulsion, aims to reach native tissue densities without
harming seeded cells [14]. Furthermore, depending on
the densification route (i.e. type and direction of load-
ing), cell density, morphology and polarisation can be
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imparted. This is a distinct characteristic of the post-
fibrillogenesis approaches, which cannot be replicated
in the pre-fibrillogenesis approaches. However, cell
incorporation in the former may also lead to cell-
mediated gel contraction thus resulting in their loss
of proliferation and changes in scaffold architecture.
Therefore, parameters such as final gel density, initial
seeded cell density and forces exerted by different cell
types, must be meticulously considered for a particular
application.

Post-fibrillogenesis approaches focus on microenvir-
onmental design, thus their architectures are able to
replicate the native tissues only at the microscale
[14,23,24]. Therefore, from a structural viewpoint,
these techniques focus on controlling the fibrillar
rearrangement. PC generates random fibrillar arrange-
ments [14], whereas different levels of anisotropy can
be imparted to fibrils through biaxial compression
[24] and GAE [23]. In particular, biaxial compression
gives control over the extent of fibrillar anisotropy
only at the mesoscale [24], while GAE exerts nano-to-
mesoscale control, in a fully predictable manner
[23,76]. However, bone is characterised by multifaceted
hierarchical levels where long-range interactions are
essential in its development and turnover [115]. For
this reason, osteoid models generated through post-
fibrillogenesis can be used when the study of processes
related to bone activity occurring at the nano-to-micro-
scale are of interest and higher level of tissue organis-
ation are not necessary. On the other hand, pre-
fibrollogenesis approaches have been shown to repro-
duce not only microenvironments, but also higher
level of fibrillar organisation, e.g. bundles of different
arrangements closely mimicking those of native bone
lamellae [74]. Thus, these approaches represent a better
alternative when processes involving higher hierarchical
levels than the microscale are of interest.

In sum, although each approach presents limit-
ations, the best technique can be chosen depending
on the research aim. While pre-fibrillogenesis
approaches may be better in mimicking the structural
features of a tissue from an acellular point-of-view,
post-fibrillogenesis approaches can be powerful in
investigating the effect of scaffold microarchitectural
cues on seeded cellular responses.

Acellular approaches to mineralise collagen

A key requirement in the biomimetic mineralisation of
bone is the recreation of the geometry and architecture
of its native ECM [116]. For this reason, Coll, the
native building material of the osteoid, represents a
powerful tool to mimic the ECM of bone [117]. There-
fore, the techniques described so far aim to recreate
different architectures resembling those of the native
osteoid. However, since Coll alone poorly mineralises,
strategies to overcome this limitation need to be

considered when attempting to mimic the biominerali-
sation process [46]. For this reason, once the desired
architecture is created, a following key step consists
of promoting its mineralisation. In the native con-
dition, the deposition of the mineral phase occurs
within (intra-fibrillar) and between (inter-fibrillar) col-
lagen fibrils [118]; processes that can be recreated using
dense Coll scaffolds.

Pre-fibrillogenesis-based approaches to
acellularly mineralise collagen

The pre-fibrillogenesis approaches rely on the fact that
Coll molecules spontaneously organise to form liquid
crystalline phases at high concentrations in acidic sol-
utions, where the concentration is the key parameter
to determine to final fibrillar arrangement [16]. Indeed,
as a function of concentration, collagen monomers
assemble in successive arrangements corresponding
to defined geometries (Figure 3). Once the desired
osteoid mimicking architecture is generated by regulat-
ing the initial Coll concentration, the scaffold is then
mineralised. Strategies based on the co-precipitation
of calcium-phosphate precursor [18,19], polymer-
induced liquid precursor (PILP) process [119], and
immersion in simulated body fluid (SBF) solution
[120] have been proposed.

A mineralised osteoid has been produced through a
co-precipitation process based on a two-phase strategy.
The first phase consisted of the co-precipitation of both
calcium-phosphate salts and pure Coll monomers, fol-
lowed by the addition of polyaspartate, an acidic cal-
cium-binding polymer. The second phase consisted
of dialysing the resulting Coll based solution to yield
dense collagen-CHA scaffolds [18]. The hydrogels
were characterised by densely packed fibrils that were
organised helicoidally, resembling the structure of
osteons, where the CHA was inter-fibrillarly deposited
within the matrix [18]. Similarly, co-precipitation can
be followed by an evaporation-based densification pro-
cess. Coll monomers subjected to evaporation reached
concentrations of up to 300 mg mL7Y, resulting in a
suprafibrillar organisation with an arch shape pattern,
similar to those found in compact bone [77]. The
nucleation of CHA crystals was then achieved by coup-
ling evaporation with co-precipitation, resulting in
their c-axis alignment with the axial direction of the
collagen fibrils; similar to partially demineralised
human bone [19]. The dense collagenous matrix also
controlled the CHA crystal size, where the resulting
mineralised collagen fibrils were in the ~100-300 nm
range and similar to those found in native tissue. On
the other hand, without the matrix confinement,
CHA crystals were found to be larger [18].

PILP is another process to mineralise collagen in
which a liquid phase mineral precursor is intra-fibril-
larly penetrated within collagen [119]. Here, the
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Figure 4. (I) Transmission electron microscopy (TEM) image of a mineralised dense collagen hydrogel produced through the coup-
ling of continuous Col1 monomer injection and reverse dialysis, followed by immersion in SBF. Cryo-TEM images of collagen fibrils
in the collagen-CHA soaked in SBF matrix may reflect different degrees of mineralisation, low (A), intermediate (B) and high (C),
supported by disappearance of the banding pattern. Apatite crystals isolated from the collagen matrix (arrows) appear with irre-
gular edges and in the same size range as those found in bone. Adapted from [120]. (II) Scanning electron microscopy analysis of (A)
PC Af dense collagen hydrogel at day 14 in SBF depicted inter-fibrillar mineral formation. (B) Cryo-TEM nanographs of (B) Af as made
and (C) after 24 h exposure to SBF. Intra-fibrillar mineralisation was evident after exposure to SBF, which masked the collagen D-

banding structure. Adapted from [122].

addition of a negatively charged molecule to a mineral-
isation solution induces or stabilises an amorphous,
highly hydrated precursor to the mineral, simul-
taneously delaying the nucleation and growth of crys-
tals to form a metastable solution. Through this,
intra-fibrillar collagen mineralisation can be realised
in vitro, where CHA nanocrystals are [001] aligned
within collagen fibrils, thus mimicking the nanostruc-
ture of natural bone [119]. Dialysis generated dense
collagen hydrogels (100-400 mg mL™"), treated with
PILP, generate highly mineralised hierarchical compo-
sites with lamellar bone-matching compositions [121].
Parallel arrays of banded collagen fibrils extended over
several microns in non-mineralised sections, where
their cholesteric twisting reflected a lamellar-like
microstructure [121].

By coupling continuous Coll monomer injection
with reverse dialysis, it has been demonstrated that col-
lagen alone can initiate and orientate CHA mineralis-
ation, in vitro, through immersion in SBF [120]. CHA
nanocrystals were preferentially aligned along the col-
lagen fibril main axis, similar to that observed in bone.
The detection of collagen banding pattern indicated
that crystals were within the gap regions of fibrils, thus
confirming their intra-fibrillar mineralisation. On the
other hand, in cases where the collagen fibril banding
disappeared, low, intermediate and high degrees of min-
eralisation were reported (Figure 4(I, A, B and C)). Fur-
thermore, the 3D organisation of the collagen network
and gel structure, controlled the shape, size, and spatial
distribution of the apatite crystals [120].

Post-fibrillogenesis-based approaches to
acellularly mineralise collagen

The post-fibrillogenesis approach relies on the con-
trolled expulsion of the casting fluid by applying

pressure to increase the CFD and to modulate gel
architecture. Through this, scaffolds characterised by
microarchitectural and micromechanical similarities
with the native osteoid can be produced [75]. Post-
fibrillogenesis-derived dense collagen hydrogels are
routinely mineralised by immersion in SBF. Addition-
ally, to modulate the extent of mineral deposition,
approaches based on the variation of the CFD [26],
or of the electrostatic environment [122], and on the
incorporation of bioactive molecules [94,123-124]
have been proposed.

PC-derived scaffolds of between 1 and 14 wt.%
CFDs were immersed in SBF to investigate whether
CHA nucleation on collagen fibrils was influenced by
a more constrained microenvironment [26]. Increased
CFD led to greater fibril entanglement, fibril-to-fibril
contact points and reduced roughness, which facili-
tated increased levels of CHA formation. Morphologi-
cally, CHA clusters inter-fibrillarly nucleated, with
inner sections of dense collagen gel rolls presenting
greater extents of bulk mineralisation [26]. Dense col-
lagen gel electrostatic properties have also been modu-
lated by inducing their fibrillogenesis at different pH
[122]. Gels richer in negative charge (Af, pH=9)
resulted in intra- and inter-fibrillar mineralisation in
SBF (Figure 4(II, A and B)).

The incorporation of bioactive particles, before gela-
tion and densification, have been shown to promote
mineral formation, by acting as anchoring points for
CHA nucleation and growth [125]. The incorporation
of micron-sized bioactive glass (UBG) particles of a
similar formulation to Bioglass® 45S5, into PC-gener-
ated dense collagen hydrogels enhanced their 3D bio-
mineralisation in SBF, resulting in their ductile-brittle
transition [94]. The incorporation of nano-sized bio-
active glass (nBG) showed higher mineralisation
potential compared to pBG leading to homogeneous
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inter-fibrillar CHA formation within 3 days in SBF
[126]. BG incorporation has also led to the mineralis-
ation of dense collagen gel scaffolds, in vivo, post-sub-
cutaneous injection [30]. At day 21 implantation, host
cell infiltration into the acellular gels led to ectopic
bone formation with osteoblastic and osteoclatic
activity, demonstrating the osteoinductive nature of
the scaffolds [30].

Negatively charged silk polypeptides have also led
to the rapid and bulk biomineralisation of dense col-
lagen gels, by mimicking the role of NCPs in the in
vivo mineralisation process [48]. Derived from the
a-chymotrypsin digestion of silk fibroin, Cs polypep-
tides (Mw ranging from 2 to 10 kDa) have the ability
to rapidly form CHA when immersed in SBF [93]. Cs
incorporated PC dense collagen hydrogels indicated
the formation of an apatitic phase after only 6 h in
SBF [23,93], and by day 7 in SBF, more than half of
the hydrogel was inter-fibrillarly mineralised. The pro-
gress of mineralisation in PC-generated dense col-
lagen-Cs hydrogels, also led to a transition from
soft-to-hard tissue-like response to compressive stress
[93]. Similar effects have been shown when sericin
fragments were incorporated in injectable dense col-
lagen hydrogels [124]. After immersion in SBF, sericin
incorporated hydrogels exhibited a time-dependent
amorphous-to-crystalline phase transition. At 14
days in SBF, more than 90% of the osteoid-mimicking
structure was mineralised through CHA deposition
[124].

Reproducing the inter- and intra-fibrillar
mineralisation process in densified collagen

In vivo, the mineralisation process in calcified tissues
consists of the nucleation and growth of mineral crys-
tals in both unconfined and confined spaces. The
arrangement of collagen molecules creates a nanos-
caled porous platform for the mineralisation of cal-
cium-phosphate particles. The appropriate spaces for
intra-fibrillar mineralisation are provided by narrow
channel-like gap regions that drive the formation of
oriented apatite crystals. Through inter-fibrillar miner-
alisation, apatite crystals, without a specific orientation,
also grow in aggregates in the unconfined extrafibrillar
spaces of collagen matrix [127]. Since collagen pos-
sesses characteristic 3D stereochemical amino-acid
side chains with an electrical charge distribution, it
may also provide nucleation sites for mineralisation
[42]. Therefore, a number of key points of the mineral-
isation process, such as the location of nucleating sites
in the collagen triple helix, and its conformational
changes due to mineralisation could be tackled using
either pre- or post-fibrillogenesis densified collagen
hydrogels. Since CHA is composed of calcium ions sur-
rounded by both phosphate and hydroxide ions, the
scaffold mineralisation strategies described above

have relied on their exposure to calcium-phosphate
based solutions [50].

Interestingly, strategies based on the incorporation
of bioactive materials (i.e. BG and silk derived frag-
ments) in dense collagen only reproduced their inter-
fibrillar mineralisation. By providing the anchoring
points for the complexation of calcium and phosphate
ions, these materials trigger bulk mineral deposition
and growth. However, the lack of intra-fibrillar miner-
alisation may be due to a disorganised distribution of
these anchoring points within the collagenous matrix,
which may not be located in the gaps and overlap
zones, e.g. due to steric hindrance. To achieve collagen
intra-fibrillar mineralisation, there is a large consensus
in the literature regarding the necessity of using cal-
cium ion binding polymers that mimic the role of
aspartic and glutamic acid-rich NCPs [120]. These
amino-acids have high affinity for calcium ions [128];
critical for intra-fibrillar collagen mineralisation and
CHA crystal-collagen fibril co-alignment [120]. The
addition of polyaspartic acid into mineralisation sol-
utions results in the formation of liquid phase amor-
phous mineral precursors that infiltrate the collagen
fibrils that then solidify to form CHA nanocrystals,
filling the gaps and overlaps zone of collagen [129].
Another important aspect in developing a system
that allows intra-fibrillar mineralisation is the collagen
charge distribution; scaffolds intrinsically richer in
negative charge have been shown to induce calcium-
phosphate formation [130,131]. In particular, the posi-
tively charged amino end of the collagen molecule, may
become negatively charged when cast at alkaline pH.
This would provide a net negative charge at the gap
and overlap zones that complex with calcium ions to
trigger mineral formation. This may explain why this
strategy results in both inter- and intra-fibrillar miner-
alisation of dense collagen hydrogels.

Cell-mediated mineralisation

The dense collagen osteoid model can be also minera-
lised by exploiting the ability of osteoblastic cells to
deposit and mineralise their secreted ECM when
seeded either atop or within a scaffold. Cell-scaffold
interactions play critical roles in mineralisation,
where the scaffold must provide the appropriate
environment to support cellular function.

Cell-mediated mineralisation of pre-
fibrillogenesis-derived dense collagen hydrogels

The effect of hydrogel density on modulating the extent
of cell-mediated mineral deposition was evaluated by
comparing the response of human osteoblasts seeded
on top of 5 and 40 mg mL ™" evaporation-based dense
collagen hydrogels. Cells seeded on top of 5 mg mL ™"
hydrogels assumed characteristic cuboidal
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Figure 5. (I) Metalloproteinases release by osteoblasts infiltrated within the collagen hydrogels as an indicator of the cell action
creating spaces for the osteoprogenitor cells. Metalloproteinases are diffused through the spaces of a 5 mg mL™" hydrogel, visible
in the form of stained tracks (A, arrowheads). Adapted from [133]. (II) Histological slices of densified collagen hydrogels produced
through post-fibrillogenesis approaches and stained with von Kossa staining for mineral detection. Mineral deposition after 4 weeks
in culture carried by cell-seeded PC-generated dense collagen hydrogel. Adapted from [88].

epithelium-like morphologies and expressed alkaline
phosphatase and osteocalcin, indicating an osteoblastic
phenotype. In contrast, flat and elongated cellular mor-
phologies were observed when seeded on 40 mg mL™"
hydrogels. Furthermore, cells were only able to pene-
trate the less dense scaffolds as was observed with fibro-
blasts [81,132]. However, osteoblasts seeded on
40 mg mL~" hydrogels demonstrated enhanced cell
proliferation, compared to those seeded on less dense
hydrogels [21]. A time-dependent increase in minera-
lised surface cell-secreted matrix was also detected
confirming their osteoblastic function. The perform-
ance of human primary osteoblasts seeded on collagen
hydrogels of 5 or 40 mg mL™" densities was further
evaluated through implantation in calvaria defects in
rats (Figure 5(II)) [114]. Interestingly, attributable to
pores created by foreign body giant and endothelial
cells, the penetration of osteoprogenitor cells into
40 mg mL™" scaffolds was observed, ultimately result-
ing in greater extent of new bone formation. Collagen
degradation was also dependent on its initial concen-
tration, with greater reduction in volume reported in
5 mg mL~" gels [133].

Cell-mediated mineralisation of post-
fibrillogenesis-derived dense collagen hydrogels

The post-fibrillogenesis approaches are characterised
by their ability to seed cells as a part of the hydrogel
processing route [14,23]. In particular, cells can be
homogeneously seeded in 3D within dense collagen
hydrogels without significantly reducing resident cell
viability. PC-fabricated dense collagen hydrogels are
characterised by controllable compressive modulus
values (i.e. range of 20-40 kPa), similar to that of an
osteoid, and therefore, can be used to study mineralised
tissues [134]. Similarly, GAE-produced hydrogels are
also characterised by osteoid-like microarchitectural
properties [23]. The effects of gel CFD [88,135],

fibrillar alignment [23,75] and hydraulic permeability
[29] on modulating the seeded cell growth, osteoblastic
differentiation, and mineral deposition have been
investigated. Furthermore, strategies based on the
incorporation of bioactive molecules with osteoinduc-
tive, -conductive, and -stimulative properties have
been explored [123,124,136,137].

Pre-osteoblast-seeded PC-generated dense collagen
hydrogels (with CFD > 10 wt.%) showed upregulation
of osteogenic genes, demonstrating their differen-
tiation and matrix mineralisation, which in turn
caused a further increase in the scaffold’s Young’s
modulus [135]. Similarly, a mouse calvarian pre-
osteoblast cell line (MC3T3-E1) seeded into PC-gen-
erated dense collagen scaffolds underwent osteoblastic
differentiation followed by nascent collagen depo-
sition and subsequent time-dependent mineralisation
(Figure 5(II)) [88].

The effect of PC load and duration on scaffold
microstructure and osteogenic outcome has been
investigated through hydraulic permeability, which
can be related to scaffold microstructural (e.g. fibre
diameter and pore size) and mechanical properties,
cell-scaffold interactions, as well as oxygen flow, and
nutrient diffusion [29]. Increasing levels of PC led to
scaffolds with increased CFD and compressive mod-
ulus [82], whereas it decreased the hydraulic per-
meability; coinciding with a reduction in cell-induced
matrix contraction. This was attributed to a reduction
in cell migration and proliferation observed when
MSCs initiate their differentiation pathway. Indeed,
seeded MSC proliferation, osteogenic differentiation
and matrix mineralisation was increased in osteogenic
medium, demonstrating that hydraulic permeability
regulated the differentiation of seeded stem cells [29].

PC-generated dense collagen hydrogels were also
shown to be a powerful model to explore other miner-
alised tissues, such as those present in teeth [102].
Seeded human exfoliated tooth pulp-derived dental
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pulp stem cells readily underwent differentiation, while
secreting mineralisation-regulating proteins and
scaffold mineralisation. Follow-up in vivo studies in
murine cranial critical-sized defects confirmed the
bone regeneration potential of dental pulp stem cell
seeded-PC dense hydrogels [31]. At day 28 post-
implantation, and in contrast to acellular gels, cell-
seeded dense collagen hydrogels displayed osteogenic
effects, thereby enhancing bone healing. Cell-seeded
dense collagen hydrogels promoted the osteoconduc-
tion, where along with the presence of tartrate-resistant
acid phosphatase positive osteoclasts in and around the
scaffolds, there was active and restored matrix turnover
within the defect [31].

The incorporation of other biopolymers
[84,89,136,138] or bioinorganics [94,123] into PC-gen-
erated dense hydrogels represents a strategy to acceler-
ate seeded cell osteoblastic differentiation and matrix
mineralisation. For example, the incorporation of chit-
osan, a  glycosaminoglycan-mimicking analog,
increased alkaline phosphatase activity, along with
mineral deposition by seeded MC3T3-El pre-osteo-
blasts [139]. Nano-BG incorporated into PC-generated
dense collagen hydrogels increased the osteoblastic
differentiation of seeded MC3T3-El cells in the
absence of osteogenic supplements [123]. Similarly,
the incorporation of negatively charged, silk-derived
polypeptides [137] and sericin [124], within MSC-
seeded dense collagen hydrogels led to the upregulation
of osteo-related markers and enhanced cell-mediated
mineral deposition.

By comparing PC- and GAE-generated dense col-
lagen hydrogels, the fibrillar architecture was also
investigated as a possible parameter affecting the osteo-
blastic outcomes of seeded MSCs [23]. Interestingly,
MSCs seeded in injectable dense collagen expressed
lower levels of metalloproteinases and higher levels of
tissue inhibitor of metalloproteinase compared to
cells seeded into PC-generated hydrogels. This
suggested a reduced cell remodelling activity, which
was correlated with the earlier onset of the osteoblastic
differentiation induced by the anisotropy of the
scaffolds [23,75]. Furthermore, accelerated cell-
induced mineralisation in injectable dense collagen
hydrogels suggested that the immediate cell alignment
imparted by the GAE process potentially accelerated
MSC osteoblastic differentiation [23].

The osteoid-model microarchitecture as a
driving parameter for bone cell activity

In vivo, osteoblastic cells deposit the osteoid, which are
then involved in its mineralisation, by regulating the
local calcium and phosphate concentrations to promote
apatite mineralisation [128]. Biomineral nucleation and
growth requires a local environment with sufficient
supersaturation by its precursors. It is thought that

CHA is first nucleated within osteoblast-secreted ves-
icles, which then grows and breaks through the vesicle
into the surrounding extracellular fluid. This suggests
that mineral formation is initially also a cell-regulated
process, while its propagation is mediated by collagen
in the ECM [140]. However, vesicles are not the only
sites of mineralisation as a variety of matrix proteins,
such as NCPs, nucleate and control the growth and
agglomeration of these nanocrystals [141].

The cellular strategies described above are inspired
by the in vivo biomineralisation process. Indeed, the
propagation and maturation of seeded bone cell-
initiated mineral deposition is mediated by the osteoid
model architecture as dictated by the densification
technique. Bioactive molecules [142-147] have also
been used to promote mineral deposition and matu-
ration, while other NCP-mimicking molecules have
been shown to mediate mineral formation
[93,94,123]. The main difference in cell-mediated min-
eralisation of osteoid models designed through either
pre- or post-fibrillogenesis densification approaches, is
the deposited mineral distribution. In vitro results
have shown that in pre-fibrillogenesis, cells can only
be seeded atop, thus limiting mineral deposition to
the scaffold outer layer, whereas in post-fibrillogenesis,
cells can be seeded within the hydrogel thus allowing a
homogeneous mineral deposition. However, in vivo
results have shown that evaporation-generated
scaffolds can be colonised and degraded by non-osteo-
blastic cells post-implantation, playing a key role in
mineralisation [133]. Scaffold degradation was modu-
lated by hydrogel density as can be controlled by initial
collagen solution concentration and/or evaporation
time. This may be useful in some clinically relevant
applications where defects in load-bearing bones may
require scaffolds with slower degradation rates during
the healing process [148,149]. On the other hand,
non-load bearing applications such as those in thin
bones or in the cranium, may require more rapid
rates of scaffold degradation and the promotion of a
new bone formation, where the mechanical properties
may be less critical [150].

The homogeneous cell distribution within post-
fibrillogenis-generated dense collagen hydrogels can
be amenable to tailoring the microenvironment to
modulate cellular activity, e.g. the collagen fibril (or
bundle) diameter (~100 nm) can be important in
affecting cell morphology and migration. The scaffold
pore size distribution represents an additional factor,
e.g. PC-generated dense collagen hydrogels are charac-
terised by heterogeneous pores (1-20 pum); similar in
magnitude to collagenous tissues, in vivo. The com-
pressive modulus, which is dictated by the scaffold
CFD, regulates cell adhesion, differentiation, mor-
phology and migration [134,149,150]. Additionally,
the hydraulic permeability of the dense hydrogel has
to be considered in order to provide appropriate flow



of nutrients and catabolites necessary for cellular
activities [29], which can be further explored in
GAE-generated dense collagen hydrogels. Cellular
activity is known to be limited to the ~200-400 um
outer perimeter of a hydrogel [151]. While this does
not represent an issue in PC-generated gels (sheets of
~100 um thick), this may be critical in rod-shaped
injectable dense collagen hydrogels with a range of
diameters. Nevertheless, GAE-generated dense col-
lagen hydrogels demonstrate clear advantages of hav-
ing an anisotropic structure that influences
osteoprogenitor cell behaviour. Indeed, seeded MSC-
mediated remodelling of PC-generated hydrogels led
to a shift from an isotropic to an anisotropic fibrillar
matrix [123]. On the other hand, cell-mediated remo-
delling of GAE-generated dense collagen hydrogels
was marginal, while the onset of seeded MSC-osteo-
blastic differentiation and their mineral deposition
was accelerated [23,75]. This may be due to the aniso-
tropy of the microenvironment which better mimic the
native osteoid thus requiring less cell-remodelling.

Discussion

Osteoid mimicking dense collagen gels generated
through either pre- or post-fibrillogenesis densification
approaches have been widely explored to mimic and
reproduce the native biomineralisation process.
Although the aim of bone tissue engineering is to
develop mechanically stable ECM mimicking scaffolds
to support regeneration, and through this provide a
greater understanding of the processes occurring
during biomineralisation at multiple hierarchical
levels, the densification approaches discussed above
have so far only focused on one or a few levels of tis-
sue organisation. This not only limits their use as
multi-hierarchical tissue models, but also as tempor-
ary grafts for small defects characterised by well-
defined and reproducible architectures. Thus, it can
be proposed that so far, the main gap that has been
overlooked relies on the simultaneous reproduction
of several hierarchical levels, which would better rep-
resent the organ bone. Another important aspect that
has been neglected when the majority of the densifica-
tion techniques are applied, is their reproducibility.
These techniques are user dexterity-dependent, thus
leading to variations in material quality and properties
among users of different levels of expertise. Therefore,
standardised approaches with protocols that can be
routinely applied in a completely automated manner
through ad hoc platforms for the production of
scaffolds are highly desirable. To this end, the 3D
printing of tissue-like collagen bioinks represents a
great deal of interest for the high-throughput engin-
eering of in vitro tissue models and organoids. How-
ever, current approaches such as direct extrusion,
ink-jet and laser-based 3D bioprinting are generally
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not suitable for reproducing the hierarchical architec-
ture of tissues based on fibrous proteins. The 3D
printing of collagen hydrogels is particularly challen-
ging due to their narrow printability range, where
protein structure, seeded cell viability, and bioactivity
of incorporated biomolecules all need to be main-
tained within physiological boundaries. Therefore,
the use of collagen hydrogels in bioprinting is severely
limited due to its highly hydrated nature, lack of struc-
tural control, low mechanical properties, and prema-
ture gelation during the printing process. To
overcome these drawbacks, the 3D printing of col-
lagen often relies on chemical crosslinking, or on the
use of temporary or long-term supporting materials,
which deviates the ability to generate ECM-like
structures.

The recent automation of GAE in generating dense
collagen gels represents a promising alternative in the
3D printing of fibrous proteins such as collagen. Col-
lagen bioinks with target properties can be predictably
designed; without human variability. The use of auto-
mated-GAE for the production of bone tissue engineer-
ing scaffolds can potentially be used to investigate the
biomineralisation process from a new perspective. In
particular, collagen bioinks with unique properties
could be printed and assembled to resemble multiple
hierarchical levels of bone. For example, bioinks
characterised by a less dense and random fibrillar
structure, loaded with bone marrow cells could be
printed to reproduce spongy bone. This core structure
could be surrounded by more compact bone-like archi-
tectures composed of mineralised bioinks with differ-
ent fibrillar arrangements (i.e. ordered and disordered
arrays) disposed to recreate suprastructures such as
lamellar bone or fibrolamellar units (Figure 6). There-
fore, the production of bone organoids could be used to
investigate the long-range interactions occurring
among different hierarchical levels of the native tissue
during the biomineralisation process. In addition, mul-
tiple tissue interfaces could be also modelled, e.g.
mineralised collagen bioinks could be assembled to
recreate a bone-like structure and connected to layered
bioinks characterised by high levels of anisotropy, thus
mimicking the structures of ligaments or tendons.
Similar concepts could be applied to the osteochondral
interface where a layer of plastically compressed col-
lagen resembling the features of cartilage, could be
placed in between two mineralised collagen bioinks
mimicking bone. Moreover, the ability to simul-
taneously recreate several hierarchical levels of bone
may represent a new breakthrough approach to inves-
tigate not only physiological, but also pathological con-
ditions, such as in cancer metastasis and potential
therapy.

In terms of potential clinical applications, the short-
term objective should focus on the development of
osteoid-like models mineralised through acellular
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Native bone
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Mesostructure
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Figure 6. Examples of possible engineered structures inspired by the hierarchical levels of native bone. Lamellar bone could be
mimicked by combining mineralised collagen bioinks with a predefined fibrillar directionality produced through GAE. Osteons
could be replicated by embedding mineralised collagen bioinks of desired structures in a collagenous solution, which could be
subsequently densified through different approaches (e.g. evaporation or plastic compression). Cortical and spongy bone could
be modelled by surrounding loose collagen bioinks with denser and anisotropic bioinks. In particular, the bioinks constituting
the core could be seeded with mesenchymal stem cells while the outer layer could be built up by mineralised collagen bioinks
characterised by different patterns of fibrillar alignment. Images of native cortical and spongy bone, osteons and lamellar bone

are adapted from [44].

approaches. Depending on the target tissue, the most
appropriate pre- or post-fibrillogenesis approach can
be applied to better mimic the native architecture, fol-
lowed by its mineralisation. In this context, the main
limitation of these techniques, namely the size of the
scaffold, which is in the order of millimetres, may be
overcome by their use as fillers to promote tissue regen-
eration. In particular, when a defect is characterised by
a critical size, it does not heal and the use of a scaffold-
ing material incorporated with a bioactive agent to
stimulate host cell activity, may represent an interest-
ing approach to accelerate its regeneration. The mid-

term objective should focus on overcoming the limit-
ation of the scaffold size as well as exploring the possi-
bility of building complex structures. The combination
of constructs produced via different pre- or post-fibril-
logenesis approaches, characterised by well-defined
architectures, may represent a great deal of interest to
build-up scaffolds with multiple hierarchical levels of
organisation. Once it will be possible to reproduce mul-
tiple hierarchical levels of bone organisation, the long-
term objective could focus on the incorporation of
osteoblastic cells in an attempt to fully regenerate the
tissue.



Conclusions

Collagen has long been applied as a biomaterial in the
design of a scaffold attributable to its biocompatibility
and biodegradability. However, highly hydrated col-
lagen hydrogels lack the structural and mechanical
properties to be applied in bone tissue engineering.
In order to better mimic the organic milieu of bone
and realise functional osteoid-like dense collagen
scaffolds with potential applications in bone regenera-
tive therapy, several pre- and post-fibrillogenesis
approaches have been developed to increase the col-
lagen concentration/density of the construct. By
defining their micro-architectures, creating different
levels of fibrillar orientations and tailoring their mech-
anical properties, these approaches increase the tissue-
equivalency of these constructs. These features also
regulate the osteoblastic differentiation of seeded
mesenchymal stem cells and can therefore be poten-
tially used for cell delivery as an osteogenic bone
graft substitute. However, while cell delivery is an
attractive approach, it is recognised that the regulatory
path to clinical application of cell therapy is long.
Nevertheless, recent in vivo studies have suggested
that acellular injectable dense collagen gels fabricated
through gel aspiration-ejection and hybridised with
orthobiologics, demonstrate potential in mineralised
tissue repair as osteoinductive bone graft substitutes.
Furthermore, this technology has recently been
demonstrated to provide the basis for the bioprinting
of dense collagen-based bioinks. Automated gel aspira-
tion-ejection provides the high-throughput biofabrica-
tation of constructs with tailored structural, biological
and mechanical properties, thereby possibly providing
organ-like structures, which will drastically reduce the
number of animals in pre-clinical testing. It also offer
promise in reducing the complexity of surgical pro-
cedures and accelerating post-operative healing by
rapidly replicating customised, multifaceted designs.
Therefore, it can be postulated that printable dense col-
lagen bioinks may lead to implantable materials that
demonstrate more rapid and greater levels of host inte-
gration for bone repair and regeneration.
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