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A B S T R A C T

Collagen hydrogels are among the most well-studied platforms for drug delivery and in situ tissue engineering,
thanks to their low cost, low immunogenicity, versatility, biocompatibility, and similarity to the natural extra-
cellular matrix (ECM). Despite collagen being largely responsible for the tensile properties of native connective
tissues, collagen hydrogels have relatively low mechanical properties in the absence of covalent cross-linking. This
is particularly problematic when attempting to regenerate stiffer and stronger native tissues such as bone.
Furthermore, in contrast to hydrogels based on ECM proteins such as fibronectin, collagen hydrogels do not have
any growth factor (GF)-specific binding sites and often cannot sequester physiological (small) amounts of the
protein. GF binding and in situ presentation are properties that can aid significantly in the tissue regeneration
process by dictating cell fate without causing adverse effects such as malignant tumorigenic tissue growth. To
alleviate these issues, researchers have developed several strategies to increase the mechanical properties of
collagen hydrogels using physical or chemical modifications. This can expand the applicability of collagen
hydrogels to tissues subject to a continuous load. GF delivery has also been explored, mathematically and
experimentally, through the development of direct loading, chemical cross-linking, electrostatic interaction, and
other carrier systems. This comprehensive article explores the ways in which these parameters, mechanical
properties and GF delivery, have been optimized in collagen hydrogel systems and examines their in vitro or in vivo
biological effect. This article can, therefore, be a useful tool to streamline future studies in the field, by pointing
researchers into the appropriate direction according to their collagen hydrogel design requirements.
1. Introduction

Collagen is the most abundant protein in the animal kingdom and is a
key component of the extracellular matrix (ECM). There are at least 28
members that belong to the collagen superfamily; however, the defining
characteristics of collagen can be quite loose. Over 90% of collagen in the
human body is either type I, II, or III [1]. This article will focus on
collagen type I, the most widely used collagen in tissue engineering,
which is made up of three alpha chains (two α1 and one α2). Some exist
in the form of an α1 homotrimer albeit in small amounts [1]. Each
collagen chain is made up of approximately 1000 amino acids following a
Gly-X-Y repeating sequence. X and Y being usually proline and hy-
droxyproline, respectively [2] (Fig. 1).

Because of its ubiquity, collagen is also easily and cheaply isolated
from tissues such as skin, tendon, pericardium, and other and is widely
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used as a biomaterial, such as hydrogels (materials with a water content
>90%), for tissue regeneration. Commonly it is extracted not only from
bovine, porcine, or rat specimens but also from marine or recombinant
sources [3]. It can be isolated using acid or enzymes such as pepsin and
can be found in two forms: as atelocollagen (without telopeptides) or
telocollagen (with telopeptides) (Fig. 1). The free functional groups of
collagens (amines and carboxyl) can be used to modify their structure
and be used to create physical or chemical cross-links [4] (Fig. 1). The
ability of collagen to form intra- and interfibrillar cross-links can be
exploited to create hydrogels with a range of mechanical properties to
match the ones showcased by the surrounding tissue when implanted. A
general compilation of cross-linking strategies for hydrogels and other
biomaterials has been undertaken by other authors [5,6]. However, the
impact on the mechanical properties of collagen hydrogels has only been
reviewed considering mainly non-covalent cross-linking mechanisms [7,
.
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Fig. 1. A Type 1 collagen structure shows the triple helix (made up of two α1 and one α2 chains) and the N- and C-terminal telo- and pro-peptides of a collagen type I
molecule. B Collagen type I is gelled using various methods discussed later to form a hydrogel system. Cross-linking is carried out by taking advantage of collagen's free
amine and carboxyl groups. Example of collagen–cell interaction through GFOGER-integrin ligation.

S.O. Sarrigiannidis et al. Materials Today Bio 10 (2021) 100098
8], or specialized applications such as 3D printing [9,10].
Collagen is also a highly biocompatible material, which provides the

ideal environment for cell attachment and proliferation [11], making it a
great candidate for use in tissue regeneration. It is mostly broken down
through enzymatic pathways, in contrast to synthetic polymers, which
degrade hydrolytically into cytotoxic by-products. Cells bind to the
GFOGER domain through integrins α1β1, α2β1, α10β1, and α11β1 [11]
(Fig. 1). To increase the bioactivity of collagen hydrogels, researchers
have used them in conjunction with growth factors (GFs) e.g.
BMP-2-soaked collagen hydrogel scaffolds for bone regeneration. GFs are
proteins involved in many cellular processes and intercellular commu-
nication. They can induce cell proliferation, maturation, and differenti-
ation [12]. However, collagen has limited GF binding properties
compared with other ECM proteins such as fibronectin or laminin [13].
Thus, research has focused on various novel methods to overcome this
2

obstacle.
In this article, we will overview the various techniques used to pro-

duce collagen hydrogels with varying mechanical and degradation
properties for different tissue engineering applications. We will explore
the different collagen-based, hydrogel GF delivery systems that re-
searchers have developed in recent years and the successful in vitro and in
vivo experiments that have been achieved with collagen hydrogels. GF
delivery has only recently been explored empirically and through
mathematical modeling, particularly in conjunction with mechanical
properties, and has immense potential use in biomaterials in tissue
regeneration. Mechanical property optimization and GF delivery are of
major importance in achieving tissue regeneration, thus it is important to
review them in detail. Extensive reports on collagen hydrogel systems
with and without GFs cannot be found in literature yet. Given that
collagen is an important biomaterial used extensively in tissue
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engineering, this article is important in guiding future research in the
field.

2. Mechanical considerations of collagen hydrogels

Biomaterial selection for a particular application often requires me-
chanical properties of constructs similar to the tissue where they are
implanted, as stiffness is known to determine cell behavior through
mechanosensitive cell receptors. Despite their advantages, collagen's
rapid degradation rate (hence weak mechanical strength), opacity or
high shrinkage have limited its extended application for tissue engi-
neering [14,15] also affecting clinical usability in tissues, which may
require higher stiffness, like bone or cartilage. To give an example
post-treatment or cross-linking of collagen hydrogels can increase the
stiffness of the matrices, stimulating mesenchymal stem cell (MSC) dif-
ferentiation into osteogenic lineages, which has been proposed to occur
at Young's modulus above 25 kPa from atomic force microscopy (AFM)
measurements [16]. The formation of additional cross-links in hydrogels
prevents collagen molecules from sliding past each other under stress
[17]. This increases the mechanical properties of the cross-linked
hydrogels, in terms of tensile, compressive, and shear elastic moduli [17].
Cross-link density, apart from the strength of the cross-links or presence
of multifunctional groups, is thought to be a major contributor to
collagen matrix stiffness [18,19]. Modifying the mechanical properties of
a hydrogel in a single direction, thus creating anisotropic hydrogels, can
also be critical to foster tissue growth in a preferred direction in appli-
cations like neural tissue regeneration or angiogenesis [20,21]. The
combination of natural-based hydrogels with adjuncts that can enhance
their mechanical properties, such as nanoparticle loading (which in-
cludes graphene nanoparticles, Au, dendrimers), or combining with
synthetic fibers or 3D scaffolds (PCL, PGA, etc.) are another fundamental
approach for increasing the mechanical properties of soft hydrogels. The
reader can consult the comprehensive reviews by Thoniyot et al. and
Tozzi et al. [22,23], and more recently Fathi-Achachelouei et al. [24],
where several examples of collagen hydrogels and their combination
with nanoparticles or with solid scaffolds are included. It is also impor-
tant to consider hydrogel degradation in the presence of metal-
loproteinases including collagenase, that are found in native tissues, as it
can also give valuable information about the expected mechanical stiff-
ness once the hydrogels are implanted. The usual concentration of
collagenase used in vitro lies between 0.1 and 5 U/ml, although this may
depend on the final intended application of the hydrogels [25–28]. The
modulation of collagen hydrogels' mechanical properties can therefore
expand their applicability to a wider range of in vitro and in vivo appli-
cations (summarized in Table 1).

The basic mechanical testing techniques used for polymeric materials,
including hydrogels and collagen matrices in particular, include shear
rheometry, (confined) compression, tension, or dynamic mechanical
analysis [29]. Determining a value for the stiffness of the scaffold must be
defined in terms of the type of deformation used by the technique (shear,
compression, or tensile) and, consequently, comparisons should be made
with caution in techniques using different deformation regimes. Collagen
is a non-linear viscoelastic material; therefore, differences in the
time-span or strain used during measurement acquisition can also in-
fluence the final value [8]. Swelling ratio measurements can also provide
information about the nature, degree, and density of cross-linking in the
polymer matrices and can be used to obtain indirectly the mechanical
properties of the gel such as the Young modulus (E) [30]. A widely used
molecular theory that describes the swelling of polymers in a solvent is
the equilibrium swelling theory of Flory and Rehner, by which it is
possible to associate swelling measurements with mesh size (ζ), degree of
cross-linking (MC), or elasticity modulus (E) of the hydrogel [31]. The
theory, although initially developed for vinyl polymers and rubber-like
materials, is applicable to fully swollen, isotropic networks, and in
particular for biopolymers as demonstrated by Lin et al. [32], having
3

been used in several systems with semiflexible chains, including collagen
[33–35]. Furthermore, Marmorat et al. observed a good agreement of
theoretically derived mesh sizes with cryo-SEM measurements for
gelatin, a derivative of collagen [36].

Other models have been specifically used to computationally
explain the mechanics of semiflexible polymer networks like collagen
hydrogels and are able to predict the storage moduli of entangled or
cross-linked collagen hydrogels from network parameters [37–39]. One
of the most widely used models is the MacKintosh model [40,41], which
considers biopolymer filamentous structures as worm-like chains, with a
stretching modulus, μ, and bending modulus, κ. The storage modulus is
predicted to scale as G0 ~ κ7/5(c0⋅l)11/5, where κ is the bending modulus,
c0 the concentration of filaments, and l the contour length of the chain
[37,40]. Instead of constructing an analysis using artificially generated
networks, Stein et al. developed a model from real network properties
obtained from confocal microscopy, where the collagen fibers are
considered elastic beams that resist stretching and bending and each
cross-link is treated as a torsional spring [42]. By contrast, the Morse
model also describes tightly entangled solutions of semiflexible poly-
mers, but where the tangential flow of the filaments is assumed, allowing
cross-links to break and rebuild instead of forming a fixed lattice [43].

The type of cross-linking can modulate the mechanical properties of
collagen networks (and other semiflexible biopolymers) by imposing
angular constraints on the cross-links, which modulate the flexibility of
the biopolymer filaments. The extent of the constraint depends not only
on the strength of the cross-linking bond but also on matrix topology i.e.
mesh conformation [44]. In general, chemical cross-linkers will generate
stronger covalent bonds, generating junctions that are fixed and less
‘floppy’ compared with other non-covalent binding forces. Adding
chemical cross-linkers modifies the micro-mechanical response of
collagen hydrogels under deformation, by limiting the slipping of phys-
ical cross-links between collagen fibers, and thus limiting stress relaxa-
tion typical of biopolymer networks [45]. Cross-linking mechanisms will
also determine the viscoelastic behavior of the network. Mooney's group
recently demonstrated how different combinations of ionic, physical, or
covalent cross-linking in collagen-alginate hydrogels led to distinct
viscoelasticity (evaluated through loss angle from shear rheology), which
was correlated with a distinct expression of immunomodulatory para-
crine markers in seededMSCs [46]. In terms of the effects of cross-linking
in the micro-architecture or pore size, this will also be determined by the
type and degree of cross-linking. Zero-length and low-molecular-weight
cross-linkers (Fig. 3) have a limited impact on changing the pore size of
collagen networks, as they can only react with chemical groups that are
already in close contact, changing the bending rigidity of collagen fibers
(as predicted by the Mackintosh model) [47,48]. Cross-linkers with a
significant chain length, like PEG, can impact the mesh size of nano-
porous hydrogels but will not alter the pore size of micrometer-sized
hydrogel networks [49,50]. The length or molecular weight of the
cross-linker will also determine its ability to interconnect distant chains,
having an influence on the degree of cross-linking, a parameter that has a
deep impact on the mechanical properties of the hydrogel [19].

2.1. Cross-linking mechanisms

2.1.1. Physical cross-linking
Collagen I monomers self-assemble into fibrillar structures that may

cross-link and/or entangle to form viscoelastic gels with varied network
structures and mechanical properties in a process known as fibrillo-
genesis, that is generally accompanied by an increase in turbidity [51,
52]. The fibrillogenesis curve has a sigmoid shape with a lag phase in
which aggregation of collagen dimers and trimers in a linear-staggered
with 4.4D periodicity occurs, accompanied by a growth phase where
lateral aggregation of fibrils results in the abovementioned increase of
turbidity [52,53].

The basic structure of collagen type 1 is modified at the post-
translational level, which can have an important effect on mechanical



Table 1
Collagen hydrogel cross-linking systems and their resulting properties: summary of the main parameters examined, which resulted in varying mechanical properties of
the hydrogels and their in vivo/in vitro behavior.

Mechanism of
cross-linking

Parameters varied Network properties SEM: Scanning
electron microscopy TEM:
Transmission emission microscopy
CRM: Confocal reflectance microscopy
MPM: Multiphoton microscopy

Mechanical properties In vitro/In vivo studies References

Physical cross-linking
Fibrillogenesis Collagen concentration N/A Shear moduli Cytotoxicity, enhanced endothelial/

osteogenic differentiation, morphology of
dental progenitor stem cells by combining
soft and stiffer hydrogel.

[78]

N/A Shear moduli Dorsal root ganglia seeding, increased
neurite length and number, at low stiffness
and collagen concentration

[77]

Collagen
concentration, source
(bovine, porcine, rat)

Fibril width and volume fraction (CRM) Gelification rate, turbidity,
shear, compression and
tensile moduli

MSC differentiation, adipocyte proliferation
at a stiffness of 45 Pa or osteogenesis
(calcium nodules) at 700 Pa

[76]

pH Fibril width (SEM) Relaxation moduli,
compression test

Focal adhesions (actin, vinculin), wider
endothelial cell network formation in rigid
gels

[66]

Temperature Fibril width (MPM, SEM) Shear moduli (rheology) No [65]
Fibril width, pore size (CRM, SEM) Shear moduli (rheology) Greater stiffness/larger pore size promotes

cell contractility, local matrix remodeling,
and differentiation into proangiogenic
myofibroblasts.
Lumen formation was only observed in cold
cast hydrogels mixed with Matrigel, also
increased vessel branching

[83]
[82]

Collagen
concentration, pH,
polymerization time

Fibril width (CRM) Tensile stress (linear
moduli, failure stress/
strain)

No [68]

Collagen and salts
concentration, pH,
temperature

Fibril width (SEM), zeta potential Gelification rate, turbidity No [51,61]

Collagen
concentration, pH,
temperature

Fibril width, pore size (CRM),
diffusivity

Gelification rate, turbidity,
compression moduli
(confined)

No [63]

Fibril width (SEM) Turbidity, tensile moduli,
ultimate tensile stress,
compressive moduli

Cytotoxicity of porcine smooth muscle cells [64]

Fiber alignment Fibril width (SEM, CRM), orientation
(light microscope)

Gelification rate, turbidity,
shear moduli

Increased neuronal growth and neurite
elongation in aligned gels

[85]

Fibril width (bright field) Tensile moduli Myoblasts aligned with collagen fibrils [95]
Fibril orientation (CRM), optical
transmittance

Viscosity Different keratonocyte fate depending on
degree of alignment in vitro. Similar fibril
structure to native cornea after 4 weeks in
vivo

[97]

Fiber alignment,
collagen concentration

Fibril orientation (CRM) Shear moduli LIVE/DEAD, neurite growth and
orientation, electrophysiological activity

[89]

Increased myotube formation in low
stiffness matrices; accelerated muscle
function recovery in rat laryngectomy mode

[92]

UV cross-linking UV cross-linking time Contraction rate Tensile strength Keratinocyte proliferation similar to GA
cross-linking

[109]

UV irradiation dose Macromolecule size (chromatography) Shear moduli No [111]
UV cross-linking time,
riboflavin
concentration

Contraction rate, triple helix structure
(circular dichroism analysis)

Shear moduli, swelling,
degradation

Enhanced gene expression levels for the
collagen II and aggrecan with encapsulated
chondrocytes

[112]

Chemical cross-linking
Glutaraldehyde Cross-linker

concentration
Fibril size (TEM) Compressive moduli,

denaturation temperature
No [135]

Isocyanates Cross-linker
concentration, cross-
linking time

Cross-linking degree Tensile moduli, elongation
at break

No [136]

N/A N/A Shear moduli Carrier of tendon stem cells supported
TSPCs survival, proliferation, and metabolic
activity over a long period of time and
supported vascular-like structures

[140,174]

Carbodiimides Cross-linker
concentration

Pore size (SEM), cross-linking degree Denaturation temperature,
swelling, degradation

No [117]

Cross-linker
concentration and
steric bulkiness

N/A Gelation time, tensile
strength, elongation at
break, denaturation
temperature, degradation

Good adherence and spreading of corneal
endothelial cells in vitro; successful mouse
corneal transplantation model

[4]

N/A [128]

(continued on next page)
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Table 1 (continued )

Mechanism of
cross-linking

Parameters varied Network properties SEM: Scanning
electron microscopy TEM:
Transmission emission microscopy
CRM: Confocal reflectance microscopy
MPM: Multiphoton microscopy

Mechanical properties In vitro/In vivo studies References

Polyethylene
glycol

Cross-linker
concentration

Degree of cross-linking (free amino
groups)

Differentiation of chondrocytes within
hydrogel

Fibril size (SEM, TEM) Shear moduli, degradation Fibroblast-seeded dermal equivalents
showed greater viability in less cross-linked
gels; cross-linked full-thickness skin
equivalents are capable of recapitulating the
morphology of human skin

[50]

Cross-linker and
collagen concentration,
cross-linker branching

N/A Shear moduli, compression
moduli, swelling,
degradation

Good non-cytotoxicity and attachment of
fibroblasts in all tested conditions

[151]

Collagen
functionalization

Triple helix structure (circular
dichroism analysis)

N/A Endothelial cell and smooth muscle cell
adhesion in hydrogels

[129]

Glycation Cross-linker
concentration

N/A Compression moduli
(confined)

No [152]

Fibril density (CRM) Shear moduli Glycated gels showed increased cell
proliferation in the surface but decreased
fibroblast invasion

[153]

N/A Circumferential tensile
moduli, elongation at
break, burst strength
degradation

Survival of smooth muscle cells at 4 weeks in
tunica media equivalents

[125,156]

Fibril width, orientation (CRM) Gelification time,
turbidity, compression
moduli

Viability, proliferation, and attachment of
endothelial cells. Increased matrix stiffness
enhances angiogenic endothelial cell
spheroid outgrowth.

[157]

Genipin Cross-linker
concentration, cross-
linking time

Fibril width (SEM) Shear moduli, degradation,
swelling

Greater MSC and NSC viability in less cross-
linked gels

[161]

Cross-linking degree (TNBSA) Gelification rate, turbidity,
shear moduli

MSC proliferation at all concentrations, as
well as axonal growth in seeded dorsal root
ganglia

[167]
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properties. An example of a posttranslational modification (PTM), which
strengthens the collagen fiber is the hydroxylation of lysine residues
within the collagen chains [54]. Hydroxylysine (hydroxylated lysine),
together with telopeptidyl lysine, is essential in cross-linking tropocol-
lagen molecules and collagen fibrils. Most hydroxylysine residues can be
found in the collagen's telopeptides rather than the triple helix region
[54]. The action of cross-linking is triggered by lysyl oxidase (LOX),
which converts hydroxylysine and telopeptidyl lysine into hydrox-
yallysine and allysine (aldehyde) [55]. The spontaneous condensation of
aldehydes with lysine and hydroxylysine form immature divalent
cross-links which, in the body, mature intomultivalent cross-links such as
pyridinoline (PYD), deoxypyridinoline (DPD) [56], pyrrole [57] (bone),
or dehydro-hydroxylysinonorleucine (deH-HLNL) (skin) [58]; the exact
maturation process is complex and poorly understood [59]. Collagen
hydrogels are manufactured with both atelocollagen (e.g. pepsin diges-
ted) and soluble telocollagen (e.g. acid-soluble). Acid-soluble telocolla-
gen retains its telopeptides. Thus, tropocollagen molecules can
self-assemble into fibrils, which form further cross-links with each
other involving the lysine, hydroxylysine, and aldehyde residues mainly
found within the telopeptides [58,60]. This stabilizes the collagen
hydrogel and increases its mechanical properties [59]. On the other
hand, pepsin-digested atelocollagen, which lacks telopeptides, forms fi-
brils and interfibrillar cross-links less effectively without the addition of
non-collagenous molecules or further treatment [58].

Varying parameters including collagen concentration, ion content,
anisotropy, isoelectric point (pI), pH, and temperature can alter gelation
kinetics, stiffness, and the nanoscale fibrous architecture of the collagen
hydrogels (Fig. 2). An excellent recompilation of the experimental studies
that have used these parameters to modulate collagen hydrogel micro-
structure and mechanical properties can also be found in Antoine et al.
[8].

2.1.1.1. pH and salt concentrations. Several studies have investigated the
5

effects of changes in pH on the rate of fibril formation and morphology of
collagen fibers [51,61]. The fibril diameter obtained from changes in pH
ranges from 80 to 220 nm [51,61]. The fastest rates of fibrillogenesis
occur between pH 6.9 and 9.2, with no significant changes in fibril di-
ameters as seen in transmission electron microscopy (TEM), while gels
formed at more acidic pH showed thicker fibrils and weaker strength
[51]. Collagen has an isoelectric point (pI) of 9.3 in the absence of other
electrolytes [51]. When pH approaches the pI, and at more basic pH, the
surface charge of collagen monomers is reduced, resulting in increased
hydrogen bonds between the triple helix. This minimizes the electrostatic
repulsion between fibrils because of the increase of the triple helix sta-
bility, thus favoring collagen molecule aggregation [61,62].

It is generally recognized that collagen gels formed at a pH of 6 or
lower have thicker fibers but are less densely packed than hydrogels
formed at higher pH, being also softer. Such pH effect has been exploited
for tissue engineering applications by several authors, after previous
mechanical characterization with shear, tensile, or compressive tests
showed higher moduli gels formed at slightly basic pH [63–65]. Yama-
mura and colleagues varied the stiffness of collagen gels of a fixed con-
centration by modifying the pH between 5 and 10 to study the formation
of microvessel networks [66]. Relaxation modulus, as measured by uni-
axial compression tests, was 4.6 times higher in their most alkaline
composition compared with gels at pH 5, plateauing at 20 kPa at pH 8.
Despite forming thinner fibrils in pH > 8 hydrogels, these are more
densely packed, increasing the relaxation moduli. Endothelial cell
migration was hindered in rigid gels, but the formed microvessel net-
works were thicker and deeper [66]. A similar approach was undertaken
by Chung et al., but gelifying 2 mg/ml type I collagen gels inside a spe-
cifically designed microfluidic platform for introducing vascular endo-
thelial growth factor (VEGF) gradients, and varying the pH between 7
and 11. The low pH, soft collagen composition showed thick collagen
fibers with large pore size, while the high pH collagen has thinner fibers
and smaller pore size, inducing different angiogenic behaviors [67].



Fig. 2. Physical cross-linking mechanisms of
collagen hydrogels. 1: Showcases the parame-
ters that affect collagen fibrillogenesis namely a)
pH – collagen fibers become thinner and denser
as pH increases b) collagen concentration –

collagen fibers become denser as concentration
increases and c) orientation – fibers can be
organized directionally through magnetic and
electric fields or a specialized mold. 2: Outlines
the further physical cross-linking mechanisms
used when designing collagen hydrogels. a)
Dehydrothermal treatment (DHT) takes advan-
tage of heat under vacuum to create amide bonds
in collagen hydrogels and b) UV irradiation that
binds histidines with hydroxyl groups.
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Roeder et al. characterized in more detail the effect of pH changes on the
mechanical properties of collagen gels, and the relationship with their
microstructural architecture, providing background to develop novel
strategies for tissue repair [68]. Collagen hydrogels of 2 mg/ml poly-
merized at normal physiologic pH 7.4 had a linear modulus and failure
stress of 16.6 and 6.0 kPa in uniaxial tension tests, respectively. In
addition, matrices formed under increasingly acidic conditions showed a
progressive decrease in mechanical properties, with basic gels being
stiffer. Confocal microscopy showed how gel fibers under acidic condi-
tions were not only thicker and less densely packed but also shorter
compared with the stiffer basic gels.

Testing of different pH conditions has also been performed to eval-
uate the 3D-printability and suitability of fibroblast and keratinocyte-
laden cells as skin engineering substitutes [69]. Collagen hydrogel scaf-
folds were printable at pH 5, 6, and 7, although only the latter was
considered suitable for seeding with cells because it showed limited
swelling. The gels showed good cell viability despite their low stiffness
(20 Pa) measured by compression [69]. Nevertheless, there exists the
concern that changing pH of the scaffold can affect cell viability if not
maintained within the range 7.4–8.4 in applications involving cell
encapsulation. We note that allowing cell invasion after the hydrogel is
formed would involve degradation of collagen due to reduced pore size
6

[10]. The ionic strength of the buffer used to dissolve collagen will also
affect the final mechanical properties of the collagen hydrogels. Presence
of different ions and their concentrations have a strong impact on the pI
of collagen and will influence its net charge and the interactions between
collagen chains [70]. Wood et al. already identified how increasing NaCl
(thus ionic strength) in a NaOH–KH2PO4 buffer had a similar impact as
decreasing the pH, by increasing the most frequent fibril size from 90 to
250 nm, although mechanical properties were not measured [51].
Changes in ionic strength lead to changes in fibril diameter, suggesting
that lateral growth of collagen fibrils during fibrillogenesis also involves
electrostatic interactions [71]. In terms of structural properties, increased
ionic strength reduces the pore size and leads to a slower gelation kinetics
[72]. Achilli et al. observed that increasing the ionic strength of collagen
gels at specific conditions (pH 10 and polymerization temperature of 4
�C) could significantly increase the mechanical properties of the gel
without affecting viability of cells seeded on top [64]. Typically, collagen
hydrogel protocols use not only PBS10x as concentrated buffer but also
others like (D)MEM10x, M19910x, and HBSS10x have been used [8].

2.1.1.2. Collagen concentration. Collagen concentration is another
parameter that can easily be modified to tune hydrogels’ stiffness by



Fig. 3. Chemical cross-linking mecha-
nisms of collagen hydrogels. 1: Zero-length
cross-linking using N-(3-Dimethylamino-
propyl)-N0-ethylcarbodiimide (EDAC) or
dicyclohexyl carbodiimide (DCC) as well as
an N-hydroxysuccinimide (NHS)-Ester to
form bonds between the carboxyl and amine
groups of collagens. EDAC or DCC reacts
with a carboxyl group to create a reactive
intermediate (o-Acylisourea), which then
reacts with an amine group to form a cova-
lent peptidic bond. This reaction can be
catalyzed by introducing an NHS–ester,
which forms a more stable intermediate. 2:
Linear cross-linking of collagen can occur
through various reactions. a) Glycation,
where a reducing sugar such as glucose in-
teracts with an amine group to form a Schiff
base. The complex reorganizes into an
Amadori product and then a reactive inter-
mediate, which can react with other amine
groups to form complex cross-links such as
pentosidine. b) Genipin interacts with amine
groups and then forms cross-links by binding
to adjacent-bound genipin molecules. c)
Glutaraldehyde (GA) or hexamethylene
(HDMI) bind amine groups on each side
group of their carbon–carbon chain to form
cross-links. d) PEG can be produced with 4
(depicted), 6, and 8 (depicted) arms (3.) to
create branched cross-links, and its cross-
linking chemistry will depend on the moi-
eties of its end-groups. Some types of PEG
used to cross-link collagen are PEG succini-
midyl glutarate (3.i) which binds amine
groups of collagen and PEG acrylate, which
can bind to collagen PEGylated with PEG
acrylate when using UV with a photoinitiator
(3.ii).
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increasing fiber density [73]. Mechanical properties increase in an
inversely proportional way with concentration [37,45,63,74], except
when under non-linear, high-stress deformation regime [47]. At the same
time, an increase in collagen concentration does not result in an increase
in fibril diameter [7,51,68] but in reducing the pore size of the fibrillary
network [51,72]. Increasing concentration does not generally affect fibril
diameter, which lie on the range between 270 and 290 nm [51,68,75,
76]. Collagen concentration is an easily tunable parameter that has been
used in a wealth of translational and in vitro studies.

Current studies tend to use collagen concentrations higher than 1 mg/
ml as the resulting gels are easier to handle, can reach higher stiffness
values and also for biological considerations, considering the concen-
trations found in native tissues. Rylander et al. produced gels of 4, 6, 8,
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and 10 mg/ml as these are concentrations commonly found in tissues in
vivo [63]. In their study, they recognized the complex interplay between
pH, concentration, and gelification temperature to obtain hydrogels of
stiffness that can simulate different tissues, proposing an automated
formula to determine, which conditions can produce a target modulus.
The model was validated by matching collagen gels at pH 7.4 and 8 to
match normal (2000 Pa) and cancerous (4000 Pa) human breast tissue
both within their compressive moduli range between 540 Pa and 10,700
Pa and pore sizes from 1.2 to 3.2 μm [63]. Willits et al. developed gels
between 0.4 and 2 mg/ml and measured their elastic moduli in a
rheometer, obtaining 2.2 Pa for the gels prepared at the lowest concen-
tration, and 17 Pa for the highest concentration. They found the
maximum neurite growth from dorsal root ganglia (DRG) at the lowest
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collagen concentrations, so that the mechanical stiffness seemed to
hinder neurite growth [77]. Overall, increasing the collagen concentra-
tion will result in a slight increase in strength, which can be amplified by
adjusting other parameters like pH, but will also restrict cell migration
and nutrient diffusion [15].

Pankajakshan et al. describe a modular collagen construct for dental
pulp regeneration, consisting of central core of soft (285 Pa) collagen
simulating the inner root canal, and an outer layer of stiffer (800 Pa)
hydrogel interacting with the surrounding dentin. Stiffness was
measured as shear storage moduli (G0) and varied by using a concen-
tration of 1.37 mg/ml for the soft gel and 2.88 mg/ml for the stiffer one.
VEGF was incorporated into the soft inner core and BMP-2 in the outer to
foster endothelial proliferation/vasculogenesis and odontogenic differ-
entiation of encapsulated dental progenitor stem cells, respectively. The
combined effect of mechanical stimulation and GF delivery was further
investigated in vivo (Fig. 4) [78]. Collagen concentration also has an in-
fluence in cell motility, as a result of the change in mesh size. A reference
study by Saltzman and Parkhurst used collagen rat tail concentrations
between 0.1 and 0.7 mg/ml to study neutrophil motility in collagen
matrices. They first mathematically modeled cell motility was found to
be near Brownian (random) motion inside the collagen gels and esti-
mated the intercollagen spacing at 10 μm (approximately the size of a
neutrophil) for their lowest concentration. In the experimental part, they
identified an optimal concentration of 0.3 mg/ml for cell–fiber in-
teractions with a peak in neutrophil motility, linearly decreasing at
higher concentrations [79]. Also applied to cancer cell motility, Sapudom
et al. studied the influence of pore size, fibril diameter, and elastic moduli
in the capacity of cancer cells to invade and attach to collagen gels with
concentrations 2, 2.5, and 3.5 mg/ml (smaller pore size and greater
elastic moduli at higher concentrations) and also at different pH (which
modifies the fibril size but not the elastic moduli) [74]. Interestingly,
they found increased cancer cell invasion and cluster formation into the
samples with greater fibril diameter but independent of the pore size and
elastic moduli of the gels [74]. This highlights the importance of network
Fig. 4. Regeneration model for dental pulp canal using collagen hydrogel
loaded with different growth factors: A. Schematic illustration of model, with
an outer collagen hydrogel of 2.88 mg/ml (800 Pa) containing dental pulp stem
cells (DPSCs) and bone morphogenic protein 2 (BMP-2), and an inner collagen
hydrogel (1.37 mg/ml, 235 Pa) containing DPSC and vascular endothelial
growth factor (VEGF). B. Concentrically injected collagen hydrogels in tooth
transversal slice. C. Interface adaptation between the two matrices evidenced by
reflectance microscopy. Reproduced with permission from Ref. [78].
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properties and microscale mechanics and not just mechanical properties
on cancel cell invasion of ECM-derived scaffolds.

2.1.1.3. Temperature. Gelation temperature has a significant effect on
polymerization kinetics, that will largely determine the mechanical
properties of collagen hydrogels. Fibrillogenesis occurs faster at higher
temperatures due to accelerated nucleation and lateral aggregation of
collagenmolecules [51,53]. With increased temperatures, collagen fibrils
show smaller width [51,53] and are also shorter and randomly aligned
[80,81], forming meshes with smaller, more homogenous pore size [63,
80]. Lower temperatures are thought to limit nucleation of new fibers via
decreasing entropy, which promotes thickening and elongation of
already existing fibers, and forms networks, which are often more het-
erogeneous [82]. In terms of mechanical properties, trends are not so
straightforward, with reports of increased stiffness for denser gels
resulting from higher gelation temperatures (~37 �C) [63], whereas
other studies show greater compressive or shear moduli in gels produced
at lower temperatures, e.g. 4 �C [64,83]. These discrepancies are thought
to depend on pH and collagen concentration, and possibly on the me-
chanical testing setup [8,63].

Fischbach's group tested collagen hydrogels polymerized at 4, 20, and
37 �C to obtain gels of distinct microstructure and mechanical properties
for myofibroblast differentiation and vasculogenesis [82,83]. In their
first study, the authors verified experimentally and computationally that
quick gelation at 37 �C yielded networks with thin fibers and small pores,
whereas hydrogels at 4 �C showed thicker fibers and larger pores that
were also stiffer under shear deformation [83]. They observe that the
greater stiffness/larger pore size promotes cell contractility, local matrix
remodeling, and changes in mechanosignalling stimulating ASC differ-
entiation into proangiogenic myofibroblasts. The same hydrogels are
tested in the second study with human cerebral microvascular endothe-
lial cells and human umbilical vein endothelial cells (HUVECs) to eval-
uate microvessel formation. Hydrogels were polymerized at 4 or 37 �C
and compared with the same compositions combined with Matrigel, a
gelatinous ECM-derived material used in several biological applications
[82]. Matrigel alters the microstructure of the hydrogels producing wider
fibrils, and possibly larger pore size although this parameter was not
measured. Fibronectin, laminin, entactin/nidogen-1, and perlecan found
in Matrigel interfere with collagen fibrillogenesis by providing collagen
nucleation sites [84]. Lumen formation was only observed in cold cast
hydrogels mixed with Matrigel, and vascular networks were more
branched in this composition, attributed to the microstructure triggered
by gelation at 4 �C and the combination with Matrigel [82]. Achilli et al.
evaluate temperature as one of the parameters tuned during hydrogel
synthesis, also for vascular applications by seeding smooth muscle cells, a
component of vascular structures [64]. The improvement of the me-
chanical properties of the gels prepared at 4 �C and at pH 10 was almost
fourfold compared with the gels polymerized at 37 �C. Antoine et al.
identified the reverse effect of gelation temperature on mechanical
properties, with a significant positive correlation between temperature
and stiffness, and a compressive modulus of up to 10 kPa using a collagen
concentration of 10 mg/ml and pH 8.4 [63].

2.1.1.4. Fiber orientation. Collagen is a fibrillar protein; therefore, matrix
microstructural anisotropy and alignment can affect to a great degree its
mechanical properties and cell organization [85]. In regeneration of
certain tissues such as nerves and corneas, the alignment of collagen fi-
brils in hydrogels to guide cells and tissues is vital to regulate the
migration, orientation, and shape of grafted cells [6]. Aligned constructs
fail at lower strain but higher stress values than those with more random
fibril organizations and consequently can bear more load. An example of
this is tendon, whose aligned fibers shown tensile moduli of 43–1600
MPa whereas dermis, where collagen fibers show more random orien-
tation, is 21–39 MPa [73]. Several methods have been reported to ach-
ieve collagen fiber orientation in hydrogels, including topography in
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microfabricated surfaces [86], magnetic flow or fields [20,87–89],
electrochemical fabrication [90], continuous or cyclic stretching [85],
extrusion and bioprinting [21,91–93].

Collagen hydrogels capacity for fibril alignment and tensile properties
have been exploited in muscle and vascular regeneration applications.
Cummings et al. produced aligned collagen vascular constructs of high
stiffness by cyclic straining, with a tensile modulus of 200–250 kPa that
allowed endothelial cell proliferation [94]. Another study reported an
80% increase in tensile Young's modulus (13.4� 9.6 kPa) compared with
measurements along the perpendicular direction in myoblast-seeded
collagen gels aligned by acoustic patterning [95]. The authors later
showed how collagen effectively maintained the viability of the cells as
they shifted from a rounded morphology into adherent myoblasts, which
contracted the aligned gels while retaining the patterned configuration.
Brookes et al. fabricated tissue-engineered aligned muscle constructs by
polymerizing rat-tail collagen type I encapsulating C2C12 and muscle
progenitor cells inside a cylinder under constant flow [92]. The con-
structs showed fibrillary and cell alignment in comparison with standard
polymerization methods. The authors found more extensive myotube
formation for constructs prepared at high cell densities (107 cells/mL)
within low stiffness matrices (200 Pa) and investigated it further in
laryngeal rat partial laryngectomy models.

Fiber alignment is especially critical in some specific applications like
nerve regeneration, and collagen has enabled significant progress in the
field. In very early studies, Tranquillo's group described how magneti-
cally aligned collagen gels, thanks to the diamagnetism of the peptidic
bond initially described in 1984 [96], stimulated and directed neurite
elongation and Schwann cell invasion in DRG [20,88]. More recently,
Antman-Passig et al. produced mechanical orientation of collagen gels by
uniaxial cyclic stretching using glass capillaries [85]. The gels had a
comparatively low mechanical strength (shear moduli of 140 � 30 Pa),
but fibrillar orientation was enough to induce increased neurite elonga-
tion in DRG, primary neurons, and neuron-like pheochromocytoma
PC12 cells in comparison with randomly aligned gels. Orientation of
collagen fibrils is also crucial for corneal regeneration. Kim et al. printed
in an extrusion-based bioprinter collagen seeded with keratinocytes with
needles of different diameter. In the smallest diameters tested (25 and 30
gauge), for which greater shear forces were applied, aligned cells were
observed along the direction of the printing path and had higher
expression levels of the keratocyte-specific genes and keratocan than
those of the other groups. Keratocytes also produced more collagen I in
the aligned gels, indicating that collagen fibrils provide a stroma-like
environment. Matrix remodeling was also associated with 45% higher
transparency compared with non-aligned control hydrogels [97].

A special case of collagen alignment procedure is plastic compression,
which consists on subjecting dilute collagen hydrogels to known loads,
expelling >80% water from the gel and aligning fibers in the direction of
water removal [98,99]. Plastic compression causes fiber densification
and significantly increases the mechanical properties of gels without
inducing significant cell death, and has been used to engineer skin sub-
stitutes [100], artificial corneas [101], articular cartilage [102], or arti-
ficial laryngeal cartilage [103].

2.1.1.5. UV cross-linking and dehydrothermal treatment. Collagen can be
cross-linked using other physical methods that do not take place
naturally in vitro, by using external physical factors that induce
chemical cross-links between collagen fibers. Although UV cross-linking
and DHT induce partial collagen denaturation, they are successful in
modulating the mechanical properties and microstructural organization
of collagen hydrogels. DHT is a cross-linking method known since the
1960s, where collagen carboxylic acid and amino side chains are cross-
linked via condensation in a vacuum oven [104]. DHT is more commonly
used in membranes, fibers, and scaffolds as it involves complete drying of
the samples subjecting to temperatures of >90 �C, [105–108]. UV
cross-linking produces free radicals on tyrosine and phenylalanine
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residues that cross-link collagen [109]. It is much faster than DHT,
reducing cross-linking time from days to minutes [110]. Irradiation doses
up to 500 Gy have been reported to increase storage modulus up almost
150% [111], nevertheless other authors have documented a reduction of
stiffness with increased UV irradiation time, possibly associated with
degradation of collagen matrix [109]. In the same study, the combined
use of UV cross-linking and DHT showed increasedmechanical properties
while cell proliferation was not negatively affected. Riboflavin, a
photosensitizer that generates a singlet oxygen, has been used to aid
photo cross-linking of collagen and tested for meniscus tissue engineering
applications [112]. Adjuvant use of riboflavin in UV cross-linking in-
creases the Young's modulus of 3.5 mg/ml rat tail collagen hydrogels
from 150 to 600 kPa with 45–60 min irradiation, while hydrogels that do
not contain riboflavin are degraded with increased irradiation time
[113]. The UV/riboflavin cross-linking procedure is actually used by
ophthalmologists in a procedure called corneal cross-linking for the
treatment of ketatoconus, a condition in which the central area of the
cornea becomes thinned [114].

2.1.2. Chemical and enzymatic cross-linking
Covalent cross-linking of collagen hydrogels is commonly used in

drug delivery and tissue engineering applications to control in vivo ab-
sorption of collagen and to increase the mechanical properties of the
material. In physiologic conditions, stabilization of fibrils is reinforced by
means of cross-linking by condensation of lysine and hydroxylysine
residues and aldehyde formation, a reaction catalyzed by the enzyme
lysyl oxidase. This mechanism provides the collagen fibrils with higher
tensile strength, necessary for tissue integrity [115,116].

In the introduction of this section, we have already described how
different type of cross-linkers can impose angular constraints in the cross-
links reducing the flexibility of the collagen fibers [44]. Some of the most
commonly used cross-linking agents are glutaraldehyde, carbodiimides
(e.g. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide – EDAC). [117,
118], chromium tanning [119], formaldehyde [120], polyepoxy com-
pounds [121], acyl azide [122], hexamethylene diisocyanate (HMDI)
[123,124] carbohydrates e.g. (ribose [125], glucose [126]), and plant
extracts, especially genipin. Many of these cross-linking methods have
also been reviewed for collagen fibers but not hydrogels [127]. Recently,
the influence of polyethylene glycol (PEG) polymers that can vary in
molecular weight, degree of branching, and terminal groups have been
intensively evaluated for cross-linking and functionalization of
collagen-based devices [126,128–130] (Fig. 3). Branched cross-linkers
increase the number of fibers that meet at each network junction, known
as local connectivity (z) of the network, contributing also to the me-
chanical stability of the hydrogel [39].

2.1.2.1. Glutaraldehyde. Glutaraldehyde (CHO(CH2)3CHO) is a bifunc-
tional cross-linking agent, which forms monomeric or oligomeric cova-
lent bonds between two amino acid side chains, typically lysyl and
hydroxylysil residues within collagen [131]. Glutaraldehyde and its
shorter-form formaldehyde (HCHO) are extensively used as fixation
agents for bacteria, cells, or tissues [132], but they are far from ideal for
hydrogel cross-linking because their bonds are transient and sustained
release of monomers over time is cytotoxic [133]. Glutaraldehyde at low
concentrations was among the first studied cross-linkers for collagen and
for scaffold cross-linking [131,134,135]. Nowadays, however, glutaral-
dehyde is mainly used as control cross-linking molecule, to compare the
degree of cross-linking or amount of free amines with respect to other
cross-linking methods, due to the fact that glutaraldehyde is an active
cross-linker that can react with virtually any amine group in collagen
[118].

2.1.2.2. Hexamethylene diisocyanate. Isocyanates are another versatile
cross-linkers for collagen hydrogels. HMDI was initially studied as a
possible alternative to glutaraldehyde to cross-link collagen scaffolds in a
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less cytotoxic procedure [136]. Reaction between the isocyanates in
HMDI and amines in the collagen molecule generates cross-links con-
taining stable urea groups [137]. The low solubility of some isocyanates
in water means a surfactant is needed to promote the reaction with free
amine groups. Isocyanates are strong, linear cross-linking agents that can
significantly increase the mechanical properties of collagen biomaterials,
including microspheres [123] hydrogels [137], scaffolds [138], mem-
branes [139], or fibers [127]. Butane diisocyanate has been used as
functional group with pluronics to generate a thermosensitive
collagen-butane diisocyanate hydrogel for tendon stem cell delivery,
which showed reduced contraction compared with untreated gels [140].
Currently, the commercially available Collagen Repair Patch from Zim-
mer uses a proprietary isocyanate cross-linking technique [3].

2.1.2.3. Carbodiimides. Carbodiimides such as cyanamide or 1-ethyl-3-
(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDAC or EDC)
are alternative, widely used zero-length cross-linkers that can establish
peptide-like bonds between carboxyl and amino groups in collagen
without becoming a final part of the amine bond [133]. The by-product
of the reaction is a non-toxic chemical, urea and can be washed away
after cross-linking [141]. Cross-linking with EDAC is also attractive for
biomedical applications as it can take place on physiological-like con-
ditions (pH 7.4, 37 �C), although its maximum efficiency is at a mildly
acidic pH (4.5). Another important consideration is that although it is
compatible with phosphate buffers, amine containing buffers (e.g. Tris)
should be avoided as they can quench the reaction [142]. NHS is often
used with EDAC to improve efficiency of the reaction by creating
dry-stable intermediates.

EDAC has been extensively evaluated as a cross-linker molecule for
biomedical applications. Yang et al. showed how increasing the con-
centration of EDAC reduces swelling ratio and increases resistance to
enzymatic degradation in 2 mg/ml collagen hydrogels [117]. Authors
report no negative effect in cell adhesion and proliferation. Although
EDAC/NHS is largely considered a biocompatible cross-linking method,
some authors have noted the possible negative effect of reducing the
availability of the carboxylate anion of glutamic acid, which is critical for
cell attachment to collagen. Cross-linking with EDAC/NHS was shown to
modulate both the affinity and the mode of cell interaction with collagen
films, resulting in decreased cellular spreading, survival, and growth
[143]. This can be understood within a general discussion about using or
not cross-linkers, as most of them intervene with cell-adhesive motifs
[144]. Vogel et al. compared non-cross-linked and EDAC-cross-linked
collagen hydrogels with a stiffness of 90 and 160 Pa, respectively, to
assess the osteogenic differentiation of MSCs, which was found for both
conditions after 22 days of culture [145]. Another carbodiimide,
N-Cyclohexyl-N0-(2-morpholinoethyl) carbodiimide metho-p-toluenesul-
fonate (CMC), was evaluated as a substitute for EDAC for corneal appli-
cations [4]. CMC contains two heterocyclic compounds, which reduce
mobility of the molecule and increase its steric hindrance.
CMC/NHS-cross-linked collagen hydrogels exhibit superior tensile
strength, closer to that of human cornea, and decreased elasticity. CMC
hydrogels were also more resistant to collagenase degradation. Both
EDAC and CMC cross-linked hydrogels showed similar corneal epithelial
cell proliferation after 15 days. Carbodiimide chemistry can also be used
to couple collagen with other carboxyl-containing molecules like hyal-
uronic acid [146,147].

2.1.2.4. Polyethylene glycol. PEG has been extensively used as a matrix
for controlled drug and cell delivery, owing to its biocompatibility, non-
immunogenicity, low protein adsorption, and long history of safe in vivo
use, as well as the versatility of its chemistry [14,148]. PEG resists
recognition by the immune system, and its rapid clearance from the body
has permitted FDA approval for several biomedical applications [149].
PEG can have linear or branched structures, and its basic form has end
hydroxyl (-OH) groups, which can be functionalized with other groups
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(e.g. acrylates, azides, maleimide) for different kinds of cross-linking
[148]. An improved utilization of PEG is through star polymer structures:
three-dimensional hyperbranched structures in which linear arms of
different molecular weights stem from a central core. Star polymers may
be used in a variety of biomedical applications because they provide a
high density of functional groups in a small volume and are thus
attractive as drug delivery carriers [150].

PEG in its various forms enables enhanced tunability for mechanical
optimization of the collagen gels, without affecting cell viability.
Branched PEG can have a more radical effect on the mechanical prop-
erties even at low concentrations. In a thorough study, Lotz et al. used
four-arm polyethylene glycol succinimidyl glutarate (PEG-SG) at two
different cross-linking ratios, 50% and 100%, obtaining an Young's-
modulus of 557 and 1225 Pa, respectively, while the non-cross-linked
control did not surpass 320 Pa [50]. Collagen hydrogels exhibited fast
degradation on collagenase digestion, whereas semi-cross-linked PEG-SG
maintained 35% of the initial mass, which was increased up to 60% for
fully cross-linked hydrogels. In terms of microstructure and pore size, the
fully cross-linked gel led to hydrogels with a visibly denser network in
comparison with semi-cross-linked gels, and no fibril-like structure for-
mation. Both 50 and 100% cross-linked hydrogels showed inhibited
shrinkage in comparison with native fibrillar collagen gels. Finally, all in
vitro skin models based on both cross-linked and non-cross-linked
hydrogels formed a multilayered epidermis and similarities to human
skin. Sargeant et al. compared cross-linking collagen four-arm to
eight-arm PEG SG, which is expected to further decrease the pore size and
increase the stiffness of the hydrogels. Indeed, the compressive modulus
was significantly higher for the eight-arm PEG formulations compared
with those with four-arm PEG-SG, reaching 20 kPa [151]. Overall, the
hydrogels composed of eight-arm PEG exhibited minimal swelling/-
shrinkage (less than � 5 wt.%), while the hydrogels composed of four--
arm PEG swelled in excess of 100 wt.%. It is worth noting though that
neither the molecular weight nor the collagen concentration (which was
in the high 50–100 mg/ml range) were kept constant in both conditions,
which may affect interpretation of the results. The gels were equally
non-cytotoxic and allowed fibroblast proliferation. Taguchi et al. evalu-
ated as well the cytotoxicity of PEG-SG cross-linker with an alkalized
collagen gel prepared at a 4S-PEG concentration of 1 mM for cell
encapsulation by histology and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) cytotoxic assay after 2 days [128]. Other
functionalizations and degrees of branching have been used based on the
PEG molecule. Cosgriff et al. tested PEG-diacrylate cross-linker for the
stabilization of bacterial collagen hydrogels. The presence of acrylates
allows for photo-cross-linking with an appropriate photoinitiator. The
authors showed that the PEG conferred much of the mechanical strength
to the hydrogels, obtaining compressive module values of around 140
kPa at 6 mg/ml of collagen concentration [129].

2.1.2.5. Glycation. Non-enzymatic glycation has also gathered interest
as a cross-linking method for collagen [152,153]. Collagen cross-linking
by glycation or glycosylation is a pathologic process occurring in vivo,
accelerated in mammalians during aging or in conditions like diabetes.
Reducing sugars covalently bind to free amine groups and establish
cross-links with ECM proteins and with other glucose-modified proteins
(the so-called advanced glycation end-products) [154,155]. An advan-
tageous characteristic of glycosylation as a cross-linking mechanism is its
capacity to alter the mechanical properties of collagen gels with
non-toxic molecules like glucose or ribose. Increasing concentration of
glucose-6-phosphate (G6P) has been shown to reduce degradability of
collagen hydrogels by collagenase without affecting cell viability [156].
Incubation of collagen with G6P has also been shown to inhibit gel
contraction by cells in a concentration-dependent manner [155].

Glycosylation has therefore been studied as a potential cross-linking
method for plenty of tissue engineering applications. Roy et al. used
collagen type I hydrogels pre-incubated with 250 mM ribose, showing a
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10-fold increase in bulk modulus with respect to untreated collagen gels,
to encapsulate chondrocytes [152]. The authors found increased
glycosaminoglycan (GAG) and collagen endogenous production in com-
parison with standard collagen gels after 4 weeks. In early studies,
Tranquillo's lab reported that incubation of collagen type I tunica-media
coronary equivalents with 30 mM ribose for 10 weeks increased the
circumferential tensile strength and moduli with respect to controls
[125]. Encapsulated smooth muscle cells induced circumferential align-
ment of collagen fibers, which was necessary together with
glycation-based cross-linking to producematrix stiffening. As a result, the
vascular equivalents closely recapitulated the non-linear stress–strain
curves of a rat aorta. Another study by Mason et al. reported an increase
of compressive moduli in 1.5 mg/ml gels from 200 Pa in the non-glycated
gel to 700 Pa in the gels incubated with 250 mM ribose [157]. The au-
thors also showed that endothelial cells (ECs) remain viable and prolif-
erate after 3 weeks of culture, showing that glycation does not alter EC
viability and proliferative potential. In addition, endothelial cell spher-
oids cultured on the stiff, glycated gels showed a twofold increase in the
total extension length per spheroid and a 1.5-fold increase in the average
number of extensions. The participation of glycation cross-linking in
pathologies like diabetes or in tumor progression [158], together with
the documented effects of advanced glycation end-products on stem cell
turnover [159] may limit its applicability for tissue engineering appli-
cations, and more studies are needed to dilucidate its effect on cell
adhesion and influence on phenotype expression.

2.1.2.6. Genipin. Several researchers have evaluated other non-
cytotoxic molecules for cross-linking of collagen, finding in natural-
plant extracts like genipin [160–162], procyanidin [163], or oleur-
opein [164] some attractive candidates. Among them, genipin, a natural
cross-linking agent derived from the gardenia fruit, has been among the
most studied [165]. Genipin reacts non-specifically with primary amine
groups to produce a secondary activated form of genipin, and its ester
group forms a secondary amide bond with proteins [166]. The oxygen
radical-induced polymerization of genipin releases blue non-toxic pig-
ments that caused the gels to assume a blue color. Genipin itself is
significantly less cytotoxic than glutaraldehyde, although this is
concentration-dependent [165]. In tissue engineering applications,
Macaya et al. verified that genipin collagen gels possess a high resistance
to collagenase degradation, nevertheless neural stem cell (NSC) viability
after 24 h was decreased up to 60%with 0.25 mM of cross-linker and was
as low as 5% for 0.5 mM [161]. Výborný et al. compared genipin with
EDAC cross-linking in ECM-based hydrogels (composed mostly of type I
collagen) and observed that at the same concentration, genipin had
higher cross-linking capacity (up to 50% using 10 mM) and also led to
stiffer gels as measured by rheology (G’ of 100 Pa compared with 20 Pa)
[167]. Genipin also led to gels less liable to contraction caused by seeded
cells. Cross-linking the hydrogels with a concentration of 5 mM of both
cross-linkers significantly decreased MSC proliferation attributed to
cytotoxicity of unbound cross-linker molecules, while a smaller concen-
tration of 1 mM did not affect proliferation in comparison with non--
cross-linked hydrogels. Such concentration did not seem to negatively
affect NSC differentiation in encapsulated DRGs and was further evalu-
ated in in vivo studies [167].

2.1.2.7. Transglutaminase and other enzymes. Enzymatic cross-linking
with transglutaminase or LOX are other cross-linking methods that create
bonds, which are compatible with cells and naturally present in vivo.
Transglutaminases can form an isopeptidic bond between glutamine and
lysine from different proteins, and its resulting bonds are highly resistant
to proteolysis [168]. A more in-depth review focusing on trans-
glutaminase cross-linking for collagen and other proteins has been pub-
lished [169]. Lee et al. showed that stiffer hydrated collagen matrices
cross-linked with 500 μg/ml of transglutaminase result in increased
endothelial sprouting and obtained lumen-like structures in a
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vasculogenesis study [170]. Transglutaminase has been used as a
cross-linker for collagen with a wide range of stiffness for developing
tumor in vitro models with unique properties [171]. LOX oxidatively
deaminates lysine and hydroxylysine residues in the telopeptide domains
of collagen, enabling the formation of cross-links between collagen fibers
to form a 4D staggering [172]. A drawback of transglutaminase and LOX
cross-linking is that they have a limited effect on the mechanical prop-
erties, and in addition, they are cost prohibitive for large-scale or clinical
applications [173].

3. Importance of growth factor loading in collagen-based
scaffolds

GFs are powerful molecules involved in various cellular processes and
often function as the signaling molecules between cells. They cause cell
proliferation, maturation and, at times, differentiation, making these
molecules particularly important for tissue regeneration [12]. The chal-
lenge in using GFs in tissue engineering is to keep them active and stable
within the material for a prolonged period to allow cells to migrate to the
site of injury, proliferate, and differentiate. This requires GF binding sites
that can immobilize, stabilize, and present the GF to cells in a useful
manner as well as release it in a more timely manner into the environ-
ment [12].

Collagen type I, a material often used in tissue engineering, does not
have a high affinity and binding capacity to GFs [175], thus different
strategies have been explored to retain the GFs in scaffolds based on this
natural material (Table 2) (Fig. 5).

3.1. Direct loading

The simplest way to incorporate GFs into a collagen hydrogel system
is to incorporate them directly into the collagen matrix. If no modifica-
tion is made, then the release – governed by diffusion –will likely show a
rapid burst at the start with most of the GF leaking out of the material
[176]. Kanematsu et al. [177] developed a collagen-based hydrogel
formed in solutions of basic fibroblast growth factor (bFGF), hepatocyte
growth factor (HGF), platelet-derived growth factor (PDGF-BB), VEGF,
insulin-like growth factor-1 (IGF-1), and heparin binding epidermal
growth factor-like growth factor (HB-EGF). VEGF, HB-EGF, and IGF-1
exhibited the characteristic burst release profile and substantial loss of
loaded GF. However, HGF, bFGF, and PDGF-BB showed a somewhat
sustained release profiles, which were parallel to the biodegradation
profile of the collagen matrix. Thus, depending on the GF collagen can
function as reservoir suggesting that direct loading should not be dis-
counted as a strategy depending on the GF and application parameters
[177,178].

Collagen–GF interaction can also be enhanced in a pH-dependent
manner. Studies with recombinant human bone morphogenic protein 2
(rhBMP-2) showed that rhBMP-2 binding to collagen could be enhanced
not only by increasing the pH but also by adding NaCl to the carrier
solution. Proton ions likely facilitate the self-association of rhBMP-2 to
form layer on collagen. Thus, rhBMP-2 could be loaded more efficiently
into collagen hydrogels resulting in improved osteoinductive materials
[179].

Collagen–GF interaction is mostly weak, and the release profile of
proteins from the hydrogel matrix is governed by diffusion and steric
hindrance. Hydrogel mesh size can range from the nanometer- [180] to
the micrometer [177]-scale depending on collagen type used, cross--
linking concentrations, temperature, and pH during the hydrogel pro-
duction process [181]. When themesh size of the hydrogel is greater than
the GF/molecule loaded, then the release is primarily affected by diffu-
sion, especially at low GF concentrations. Diffusion is a major mechanism
of GF release from highly porous fibrillar collagen hydrogels, which are
commonly used in tissue engineering. When a GF/molecule is loaded,
particularly when it has low affinity for collagen, rapid release is
observed [182]. This lead researchers to use high concentrations of GF



Table 2
Collagen–growth factor (GF) release systems: summary of their growth factor retention ability and their main benefit.

Mechanism of GF
loading

GF system used GF remaining in system In vivo and in vitro effect Other findings References

Direct loading (No
cross-linking or
other
modifications)

bFGF 50% after 7 d N/A The affinity of bFGF to collagen was
examined and compared with other
GFs.

[177]

15–30% after 7 d N/A Collagen was found to function as a
bFGF reservoir in vivo

[178]

40–80% after 70 h N/A Collagen was found to function as a
bFGF reservoir in vivo and in vitro.

[178]

45% after 7 d Dual release of HGF and bFGF from
collagen enhanced blood vessel
formation.

N/A [108]

HGF 30% after 7 d N/A The affinity of HGF to collagen was
examined and compared with other
GFs.

[177]

35% after 7 d Dual release of HGF and bFGF from
collagen enhanced blood vessel
formation.

[108]

PDGF-BB 30% after 7 d N/A The affinity of PDGF-BB to collagen
was examined and compared with
other GFs.

[177]

VEGF <15% after 7 d N/A The affinity of VEGF to collagen was
examined and compared with other
GFs.

[177]

IGF-1 <5% after 7 d N/A The affinity of IGF-1 to collagen was
examined and compared with other
GFs.

[177]

HB-EGF <5% after 7 d N/A The affinity of H -EGF to collagen was
examined and compared with other
GFs.

[177]

rh-BMP2 N/A N/A Certain isotypes of rh-BMP2 have a
pH- and salt-dependent increase in
affinity for collagen.

[179]

Chemical cross-
linking

VEGF bound to
collagen using EDAC

50–70% depending on cross-
linking concentration
compared with <10% for the
non- cross-linked system at
time point 0 h.

Increase in viability, invasion and
assembly of endothelial cells into the
collagen hydrogel compared with the
no VEGF and soluble VEGF groups.

N/A [193]

EGF PEGylated with
PEG-NHS and bound to
collagen

N/A Cell proliferation of cross-linked EGF
using PEG-NHS was lower compared
with the non- cross-linked condition
due to PEG sterically hindering cells of
attaching to the EGF properly.

Cell proliferation was highly
dependent on the site of EGF
PEGylation. PEGylation at the N-
terminus showed the best, albeit still
lower than non- cross-linked EGF,
and PEGylation at Lysine 48 the
worst biological response in vitro.

[194]

EGF cross-linked using
riboflavin

96–98% after 120 h Cytokeratin (CK) 3/12 – an important
corneal epithelial cell differentiation
marker – was upregulated and tight
junction were observed between
adjacent cells.

No significant difference was
observed between the immobilized
EGF and the soluble EGF group in
terms of differentiation

[195]

Electrostatic and
other
protein–protein
interactions

rhFGF-2
interacting with
heparan sulfate bound
to collagen

60% in hydrogels with
heparan sulfate and 20%
without after 21 d

The collagen-HS-bFGF complex showed
extensive angiogenesis throughout the
hydrogels in vivo, which was not the
case in the collagen-bFGF and collagen-
HS hydrogels.

N/A [197]

EGF interacting with
hyaluronan bound to
collagen

N/A Aided in keratinocyte migration in a
scratch assay as well as EGF-signaling
and HGF expression of fibroblast, which
affect keratinocyte differentiation. HA-
EGF containing hydrogels also resulted
in more effective wound healing
compared with the no-EGF group.

Sulfated hyaluronan increased EGF
binding to collagen compared with
heparan sulfate and hyaluronan

[198]

bFGF bound to
heparinized collagen

60% in hydrogels with
heparan suldate and 20%
without after 250 h

N/A N/A [199]

EGF expressed with a
collagen binding
domain (CBD) bound
to collagen

N/A Gene expression analysis also revealed
that neural stem cells in the EGF-CBD-
Collagen expressed significantly more
stem cell, neuron, astrocyte and
oligodendrocyte associated markers
compared with unbound EGF. Cell
proliferation was also increased in the
former.

N/A [175]

VEG121 merged with
Fibronectin Collagen

N/A FNCBD-VEGF121 showed a similar
bioactivity to soluble VEGF121 but

N/A [200]

(continued on next page)
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Table 2 (continued )

Mechanism of GF
loading

GF system used GF remaining in system In vivo and in vitro effect Other findings References

Binding Domain
(FNCBD) bound to
collagen

significantly increased the expression of
VEGFR-2, a receptor for VEGF – on
endothelial progenitor cells (EPCs). In
vivo experiments showed that the novel
chimeric growth factor could induce
EPC mobilization locally without
having a system effect on the cell type.

Other carrier Systems Collagen microgels
containing rhBMP-2.

80% BMP-2 retained after 14
d

[123,201,
202]

EDAC-NHS cross-
linked Collagen
microgels containing
rhVEGF

rhVEGF was released in 8
days in collagenase and in 4
weeks in cell medium.

HUVEC cultures that show capillary
formation after 21 days, comparable
with a control with VEGF in solution.

N/A [203]

Magnetic GFs N/A The study showed that scaffolds
supported cell adhesion and
proliferation.

Magnetic nanoparticles did not leak
out of the scaffold over time.

[204]

VEGF and PDGF-BB
immobilized using the
TrAP system

<1 ng/ml release with TrAP
over 49 h compared with 3
ng/ml without TrAP

TrAP-PDGF-BB functionalised
coverslips resulted in increased cell
proliferation compared with soluble
PDGF-BB in 2D. There was no
significant difference between collagen
hydrogels loaded with PDGF-BB and
TrAP-PDGF-BB decorated collagen
hydrogels in 3D

N/A [205]
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e.g. BMP-2 to achieve the desired effect i.e. bone lesion closure but can
cause side-effects such as ectopic bone formation [182]. As GF concen-
tration increases, the hydrogel can become ‘crowded’, and steric hin-
drance could play an increasing role [63]. If there is increased
GF/molecule affinity to the collagen matrix, as Kanematsu et al. [177]
described for some GFs, the release cannot be described by simple
diffusion, but parameters such as the collagen–GF interaction strength
and the degradation rate of the collagen matrix bound to the GF need to
be taken into account. These are discussed in later sections of the article.

The diffusivity of proteins from a hydrogel follows the Sto-
kes–Einstein equation for diffusion of spherical particles in a fluid:

D ¼ ðkBTÞ=ð6πηRН Þ

D ¼ diffusivity, kB ¼ Boltzmann's constant, T ¼ temperature, η ¼ kine-
matic viscosity of fluid, RH ¼ hydrodynamic radius.

As the RH increases at constant T, the diffusivity of the protein out of
the hydrogel decreases. Apart from size/weight, RH also depends on pH,
which can greatly influence the number of water molecules attracted to
the protein diffusing through the hydrogel [63].

Equations based on Fick's law of diffusion can be used to calculate the
ratio of the amount of molecule released at time t to the total amount that
can be released Mt/M∞:

Mt

M∞
¼ 1�

X∞
n¼0

8

ð2nþ 1Þ2π2
e

�
�ð2nþ1Þ2π2Dt

L2

�

D ¼ diffusivity, L ¼ half-thickness of hydrogel.
This equation although straightforward is based on the assumption

that the diffusing molecule is spherical [183]. A simpler empirical
equation developed by Peppas et al. can also be used [184,185]:

Mt

M∞
¼ ktn

k ¼ constant that depends on structure and geometry, n ¼ release
exponent depending on geometry (e.g. cylinder n ¼ 0.45).

However, these empirical models can only predict a release profile
once experiments have been conducted and are not accurate once the
system has been changed in some capacity e.g. cross-linker increased. It is
also important to note that release models change according to the
13
geometrical parameters of the hydrogel [184,185].
As the mesh size of the hydrogel approaches the size of the molecule

to be released, steric hindrance increases, and the molecule of interest
does not diffuse easily out of the hydrogel, due to higher friction forces
[186]. Once the mesh size is smaller than the molecule size, the hin-
drance effect immobilizes it within the matrix, unless degradation or
mesh enlargement occurs due to swelling. Although hydrogels with a
very small mesh size can be engineered e.g. collagen-PEG systems [180],
many GF/molecule-loaded collagen systems have a mesh size far greater
than the hydrodynamic radius of the GF/molecule, and release is not
influenced by swelling or degradation.

Hydrogel swelling is influenced by various external stimuli including
temperature, light, glucose, salt concentrations, and pH [186–188].
Stimuli responding hydrogels are important when it comes to treating
diseases such as cancer, as their local environment, e.g. in terms of pH,
differs from healthy tissue. Collagen hydrogels that respond to pH and
various salts at different concentrations have been produced in the past.
Swelling increases from pH 2–4 due to the protonation of carboxyl groups
into carboxylic acid groups, decreasing the repulsive forces between
adjacent polymeric chains as charge is neutralized. Swelling starts
decreasing again as pH increases with a substantial drop observed from
pH 8–13. This is due to the formation of sodium carboxylate groups,
which shield collagen fibers from absorbing water. Similarly, adding
salts, especially at high concentrations has a similar shielding effect,
particularly if the salts are composed of divalent or trivalent cations
[188].

The diffusivity of a swollen hydrogel can be calculated using an
equation by Lustig and Peppas [183]:

Ds ¼ Do

�
1� rs

ξ

�
e

�
�Y

�
v2;s

1�v2;s

��

Ds ¼ diffusivity of swollen gel, Do ¼ diffusivity of molecule in pure sol-
vent, rs ¼ radius of molecule, Y ¼ ratio of the volume required for
molecule movement to be possible to the average free volume per
molecule of solvent (approximately 1 as the model is insensitive to the
parameter), v2,s ¼ ratio between polymer volume to the swollen gel
volume Vp/Vs, and ξ ¼ network mesh size.

The term
�
1�rs

ξ

�
is possibly the most important and describes the

probability of a molecule of radius rs to diffuse through a swollen



Fig. 5. Collagen hydrogel systems
designed to deliver growth factor (GF) in
situ: The systems vary from simple where GF
is directly loaded into the hydrogel and
released by quickly diffusing into the extra-
cellular space, to chemically cross-linking the
GF to the hydrogel, which limits release but
can impede its bioactivity. More complex,
carrier delivery systems and hydrogel de-
signs can find a balance between the two
extremes and release GF in a sustained
manner without affecting its bioactivity.
CBD: collagen binding domain.
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hydrogel of mesh size ξ. In fact, for a very swollen hydrogel, the equation
can be simplified to:

Ds ¼ Do

�
1� rs

ξ

�

Consequently, the ratio Mt/M∞ can be found as previously described.
An empirical way to calculate the ratio was also developed by Peppas and
Sahlin and considers both polymer relaxation and molecule diffusion
during swelling, which contribute to the release profile:

Mt

M∞
¼ k1tm þ k2t2m
14
k1, k2, and m ¼ geometry-dependent constants.
More complex models considering axial and radial diffusion as well as

polymer dissolution have been developed but are outwith the scope of
this article [185].

Another strategy used for GF release from a hydrogel is matrix
degradation. As the hydrogel matrix degrades through either hydrolysis
or enzymatic action (e.g. collagenase), the mesh size increases similar to
the swelling scenario. Most commonly, hydrogels are permeable to water
and enzymes allowing degradation to occur from both its surface and the
core. If the rate of matrix bonds breaking due to degradation is higher
than the rate of enzyme and water diffusion into the hydrogel, then
surface degradation occurs. When the opposite is true, bulk degradation
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is predominant [189]. This phenomenon can be controlled by tuning the
hydrophilicity of the hydrogel and its sensitivity to enzymatic degrada-
tion. While synthetic hydrogels can be easily decorated with enzyme
cleavage sites and hydrophobic side chains to control these parameters,
in hydrogels made from natural polymers (e.g. collagen) this fine tuning
is not as straightforward and is either done through various degrees of
cross-linking [50] or the introduction of a secondary non-collagenous
phase [190]. The release profile from a degrading hydrogel can be
calculated similarly to swelling by calculating its diffusivity at a certain
timepoint. Empirical formulas for surface eroding hydrogels have also
been developed by Hopfenberg [191] and Katzhendler et al. [192]. It is
important to note that matrix degradation, in this case, results in an in-
crease of the mesh size. Matrix degradation can also foster GF/molecule
release when they are chemically bound to collagen, as will be discussed
later.

3.2. Chemical cross-linking of growth factors

To avoid rapid release of GF into the extracellular space, GFs can be
cross-linked to collagen. Chemical cross-linking with compounds such as
N-(3-dimethylaminopropyl)-N0-ethylcarbodiimidehydrochloride (EDAC)
is commonly used to cross-link collagen hydrogels but has also been used
to cross-link GFs to the hydrogel to improve their biological properties.
Shen et al. [193] used this technique to immobilize up to 70% of VEGF
(500 ng/ml) on collagen compared with <10% for the non-cross-linked
group. This promoted an increase in viability, invasion, and assembly of
endothelial cells into the collagen hydrogel compared with the no VEGF
and soluble VEGF groups. However, reactions that involve the cross--
linking of GFs to substrates through primary amines can lead to reduced
GF bioactivity as was observed for EGF in this study [194].

Another study involved riboflavin, a photosensitizer, and visible blue
light to immobilize EGF on the surface of collagen hydrogels in a dose-
dependent manner. Less than 2% of the cross-linked GF was released
from the collagen substrate in PBS after 120 h, suggesting that a strong,
covalent bond between collagen and EGF was established. Around 4%
was released after 120 h in the presence of 0.1 and 0.2% collagenase.
Collagen-EGF substrates outperformed plain collagen hydrogels in cell
proliferation studies, with and without the addition of soluble EGF.

Corneal epithelial cell differentiation was also observed when EGF
was immobilized on collagen substrates. Cytokeratin (CK) 3/12 – an
important corneal epithelial cell differentiation marker – was upregu-
lated and tight junctions were observed between adjacent cells. However,
no significant differences were observed between the immobilized EGF
and the soluble EGF group in terms of differentiation [195].

Although the primary purpose of chemically cross-linking GFs to the
hydrogel matrix is to immobilize them, hydrogel degradation can lead to
GF release into the extracellular space. To accurately predict the release
profile, mathematical models have been developed, which account not
only for mesh size change but also for the diffusion of matrix monomers
and consequently, bound GF from the hydrogel. Models by G€opferich and
Langer [196] have been developed for this purpose but are too extensive
for the purpose of this article.

3.3. Electrostatic and other protein–protein interaction

Chemical cross-linking can be an effectivemethod for GF presentation
but can lead to protein denaturation and inactivation. A strategy that
relies on the electrostatic or specific protein–protein interactions be-
tween GF and the ECM can alleviate this issue. There is substantial evi-
dence suggesting that GF binding to the ECM regulates their activity and
potency [206]. Bound GFs are also more resistant to proteolysis and
thermal denaturation [207] and are released more gradually into the
extracellular space [208]. IGFs, PDGF, VEGF, FGFs, and HGF among
others have increased affinity for some ECM proteins (e.g. fibronectin)
[206] as well as GAGs such as heparin and heparan sulfate (HS) which
are large, negatively charged sulfate polysaccharides [209,210]. ECM
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proteins such as fibronectin have dedicated GF binding domains (e.g. FN
III12-14), which also bind GFs [206], while sulphation motifs are thought
to function as molecular recognition elements [210] of GAGs.

Researchers [197] showed that collagen hydrogels with HS showed a
threefold increase in bFGF binding capacity and a more sustained release
of the GF in vitro compared with collagen–hydrogels loaded with bFGF.
Collagen-HS-bFGF complex showed extensive angiogenesis throughout
the hydrogels over a 10-week incubation period in vivo, which was not
the case in the collagen-bFGF and collagen–HS hydrogels [197]. Another
study combined hyaluronan (HA) with collagen hydrogels, which
increased their binding strength to EGF over 72 h, and aided in kerati-
nocyte migration in a scratch assay together with EGF-signaling and HGF
expression of fibroblasts, thus affecting keratinocyte differentiation.
HA-EGF containing hydrogels also resulted in more effective wound
healing [198]. Collagen hydrogels have also been functionalized with
heparin giving rise to heparinized collagen matrices. These allowed for
better GF (namely bFGF) binding compared with conventional collagen
hydrogels [199].

Another approach for dedicated protein–protein interactions relies on
modifying GFs with specialized collagen binding domains (CBDs) to in-
crease their affinity to collagen. Egawa et al. [175] decorated GFs with
CBDs similar to the ones found on other ECM proteins such as laminin
and fibronectin. Plain collagen is inert for NSCs as it lacks sequences that
present trophic or anti-apoptotic signals. Epidermal growth factor (EGF),
a knownmitogen for NSCs, was fused to a CBD and incorporated into cell
containing collagen hydrogels. Indeed, significantly more NSCs were
alive in the EGF–CBD–collagen hydrogel compared with the EGF–colla-
gen hydrogel. Gene expression analysis also revealed that cells in the
EGF–CBD–collagen expressed significantly more stem cell-, neuron-,
astrocyte-, and oligodendrocyte-associated markers. Thus, coupling GFs
with a CBD allowed for a more sustained release and effective presen-
tation of the GF to cells while the plain EGF diffused out of the hydrogel
too quickly to have a biological effect [175]. Although this technique
alleviates the quick release problem, it requires the production of
modified GFs, which can be expensive and is highly specific. In another
study [200], fibronectin collagen binding domain (FNCBD) was fused to
GF, namely VEGF121, to allow more effective binding to collagen type I,
II, II, IV, and V substrates. FNCBD-VEGF121 showed a similar bioactivity
to soluble VEGF121 but significantly increased the expression of
VEGFR-2, a receptor for VEGF on endothelial progenitor cells (EPCs)
confirming the importance of appropriate GF presentation to elucidate an
appropriate cell response. In vivo experiments showed that the novel
chimeric GF could induce EPC mobilization locally without having a
systemic effect on the cell type.

Instead of modifying GFs, collagens with GF binding sequences from
other ECM proteins can be produced recombinantly. Parmar et al. [211]
developed a collagen-mimetic hydrogel system to enhance chondro-
genesis. A protein containing the characteristic repeating (Gly-X-Y)
backbone that can be found in collagens was expressed in Streptococcus
pyogenes. Heparin-binding sequences were added to the collagen
construct. These hydrogels displayed increased heparin absorption
compared with collagen-like hydrogels without the heparin-binding
sequence. The former also exhibited higher chondrogenic marker gene
expression (i.e. COL2A1, ACAN, and SOX9) in MSCs cultured on the gels.
This is because the heparin-binding sites present within the hydrogel
bind to endogenous GFs such as TGF-β, BMPs, and bFGF, protecting them
from degradation and prolonging their stability and thus biological
benefit.

GF release from hydrogels that have affinity for them can also be
modeled. The diffusivity can be calculated assuming that it is possible to
dissociate the GF from the hydrogel using the formula [196]:

D
Kb þ 1

r2Cp ¼ ∂Cp

∂t

D ¼ diffusivity, Kb ¼ concentration of bound protein/concentration of
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free protein ¼ concentration of free receptor/dissociation constant, Cp ¼
concentration of free protein, t ¼ time.

This model, although useful, assumes a rapid binding mechanism and
the availability of many free GF binding sites. In addition, swelling and
degradation need to be considered separately.

3.4. Microcarrier systems

If the GF presentation and release timeline is still inadequate, the
exposure of GF from a hydrogel to the extracellular environment can be
further controlled by incorporating carrier systems such as GF-containing
microgels into the system.

3.4.1. Microgels
Microspheres or microgels have emerged in recent years as an

effective type of drug delivery system, showing advantages such as
tunable size, increased surface area, large attachment surface for cells,
and injectability. They range from a size of a few nanometers to hundreds
of microns [212,213]. A reduced size of particles makes possible their use
in minimally invasive procedures. There are several methods for the
production of microgels based on collagen or other biopolymers, which
are reviewed in more detail in Refs. [214,215] and include emulsification
[123,216], extrusion, atomization, deposition [217,218], membrane
emulsification [219], microfluidics [220–224], or bioprinting [225].

Several groups have investigated collagen microgels for drug encap-
sulation in different tissue engineering applications. Mumcuoglu, Fahmy-
Garcia et al. have described in detail a system consisting of recombinant
collagen peptide microspheres encapsulating rhBMP-2 for bone regen-
eration [123,201,202]. The microgels, produced by emulsification and
chemically cross-linked with HDMI, had a slight burst release that
decreased with chemical cross-linking. All collagen compositions showed
a very strong retention of the GF, with 80% of the rhBMP-2 contained
after 2 weeks. Surface plasma resonance data suggest a specific interac-
tion between the N-terminal of BMP-2 and collagen [123]. The same
microsphere system encapsulating adipose-derived stromal cells was
used by other groups for myocardial infarction and cardiac regeneration
[216,226] and tested it with in vivo models. The authors also reported a
more marked reduction of the burst release in 50 and 70 μm spheres
compared with the 200 μm spheres. This behavior is not generally ex-
pected, as greater particles provide a greater diffusion pathway for
encapsulated molecules, and should thus show more delayed release
[227]. Nevertheless, other researchers have encountered a similar
behavior in other microparticle systems and linked it to increased loading
in particles of greater diameter. Increased initial loading capacity of
bigger particles means that, once depleted of a fraction of encapsulated
molecules, the particles will have an increase in porosity from the
missing encapsulated molecules that compensates for their longer
diffusion pathways, this way enhancing the diffusivity through their
matrix [228].

Also aiming at bone regeneration, Sears et al. have reported acryl-
ate–PEG–collagen microgels produced in a flow-focusing microfluidic
device [229] and encapsulating an inhibitor of peroxisome
proliferator-activating receptor gamma, GW9662 (GW). The same au-
thors had previously reported pro-osteogenic MSC phenotype as a result
of such inhibition by upregulation of cWnt pathway [230]. Nagai et al.
encapsulated rhVEGF in collagen microspheres of 3–50 μm diameter,
synthetized by water-in-oil emulsification and cross-linked with
EDC/NHS [203]. rhVEGF was released in 8 days in 1 U/ml collagenase
and in 4 weeks in EGM (HUVEC-specific growth medium), whereas a
significantly reduced amount escaped the gels in PBS media. This was
attributed to a degradation-driven mechanism of release, although the
authors also point toward an effect of a solvent-dependent change. The
authors claim GF released is bioactive on HUVEC cultures as they showed
capillary formation after 21 days, comparable with a control with VEGF
in solution. The same group used collagen microspheres as rhBDNF res-
ervoirs attached to a PEG dimethacrylate membrane in a transscleral
16
drug-delivery device for ophthalmic applications [231]. Collagen
microgels have also been generated for applications other than GF de-
livery, like stem cell delivery [216], 3D cell culture platforms [232] or
microtissue generation [220].

3.4.2. Other carrier systems
A magnetic collagen scaffold was developed by Bock et al. by

immersing it into an aqueous solution of ferrofluids containing iron oxide
nanoparticles. These materials were designed to function as refillable, in
vivo GF reservoirs by attracting magnetically functionalized GFs. The
study showed that scaffolds supported cell adhesion and proliferation
and that magnetic nanoparticles did not leak out of the scaffold over
time. However, its ability to recruit GFs is still unexplored [204].

Stejskalov�a et al. [205] proposed a very innovative GF delivery
platform, which is inspired by the large latent complex (LLC) that re-
strains TGF-β. During wound healing, TGF-β is deposited in an inactive
state throughout the ECM, restricted by a protein complex called the LLC.
As the wound heals, cells attach to the LLC via an RGD sequence releasing
TGF-β, which aids in the healing process. In this study, collagen hydro-
gels among other scaffolds were decorated with a similar system, named
Traction Force Activated Payloads (TrAP), which binds VEGF and
PDGF-BB in an inactive state until it is released by a binding cell exerting
force on the system. The system can be designed to selectively respond to
different cell types depending on the cell binding sequence attached to
the TrAP e.g. while human smooth muscle cells attach to the VAPG amino
acid sequence, human dermal fibroblasts do not. However, while
TrAP-PDGF-BB functionalized coverslips resulted in increased cell pro-
liferation compared with soluble PDGF-BB in 2D, there was no significant
difference between collagen hydrogels loaded with PDGF-BB and
TrAP-PDGF-BB decorated collagen hydrogels in 3D. Cell differentiation,
another potential application of interest, has not been explored yet.

4. Conclusion and future work

Hydrogel design in tissue engineering has gained a high degree of
sophistication in recent years by using novel strategies for their func-
tionalization. Collagen is one of the first biomaterials described in the
tissue engineering field, and it is still chosen for its numerous advantages,
together with its well-studied properties that have also gained the con-
fidence of several regulatory bodies as an implant system.

Modification of collagen to improve its mechanical properties in
terms of strength, elasticity or compliance can further expand their
translation in load-bearing applications. For instance, in the production
of vascular conducts already available in the clinic, Ominiflow II
(LeMaitre Vascular) uses glutaraldehyde-tanned ovine collagen cross-
linked with a polyester mesh that provides strength and durability to
resist aneurism formation [233]. Also in the vascular engineering field, a
collagen-based bioprosthesis obtained by a process of glutaraldehyde
cross-linking and gamma irradiation is currently used in the clinic [234].
In terms of bone regeneration, Boston Scientific's Infuse uses an Achil-
les-tendon-derived soft collagen sponge, with hemostatic properties and
whose degradability is controlled by a proprietary technology [235,236].
In the form of hydrogels, collagen is used as wound dressings to augment
tissue growth and accelerate wound closure, in an application
where mechanical integrity of the medical device is paramount [237].
Vergenix is another example of physically cross-linked collagen of re-
combinant source used together with platelet-rich plasma as an injectable
matrix for tendinopathy and in wound healing applications [238,239].

Tissue-specific GFs are important participants in the tissue regener-
ation process as they dictate cell fate by participating in vital biological
pathways [240]. Cells interact with the GFs in two ways: uptaking the
soluble GFs from the surrounding media or interacting via receptors with
GFs bound to dedicated sites (heparin domains) of some ECM proteins
such as fibronectin and laminin [240]. Collagen, a widely used substrate
for tissue engineering, does not exhibit these dedicated binding sites but
has still been commercialized for use in conjunction with GFs [175], e.g.
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Infuse from Medtronic BMP-2 [241] and Regranex from Smith&Nephew
PDGF [242]. These products have been successful in regenerating bone
and treating ulcers, respectively, but the amount of GF loaded (1.5
mg/ml BMP2 [241] and 100 μg/g PDGF [242], respectively) far sur-
passes physiological levels of the GFs, resulting in side-effects such as
ectopic bone formation andmalignant growths [243,244]. Consequently,
there is a real clinical need to develop new methods, in collagen-based
materials, to present GFs locally at low concentrations, which have the
same biological effect as the current state-of-the art. Particularly prom-
ising approaches rely on custom GFs covalently cross-linked with CBD
sequences [175,200]. Incorporating different molecules such as GAGs
into the collagen matrix is another simple but effective approach because
GAGs such as hyaluronan and chondroitin have higher affinity to some
GFs compared with collagen [197,198]. More advanced carrier systems,
such as TrAP, have also been engineered to deliver GFs in-situ using
peptides triggered by forces exerted by cells to their local microenvi-
ronment [205].

The ability to control the mechanical properties and degradation of
collagen hydrogels and sustain GF release is a great tool to optimize
systems for use in different tissue environments. This is confirmed by in
vitro and in vivo studies, which demonstrate that newly developed
collagen systems have the potential to be used in clinical studies in the
future. Still, studies using collagen systems, with exceptions (e.g.
Ref. [78]), often approach the topic from a one-sided perspective and do
not consider both mechanical and biological stimuli (e.g. GF loading)
simultaneously.

Collagen hydrogels in tissue engineering have seen massive im-
provements in recent years that have laid important groundwork for
future developments. However, these hydrogels still lack essential
properties of the native ECM. For instance, similarly to other systems in
the field, encapsulated co-cultures within the gel or the utilization of
combinations of GFs at optimized concentrations for tissue growth are
still in its infancy. Furthermore, GF release from collagen gels typically
include an initial burst release. It is urgent to engineer collagen hydrogels
that offer full control on the release kinetics of GFs, to recapitulate sus-
tained local concentrations found in vivo. Finally, the scalability, shelf
life, and handling of collagen hydrogels needs to be analyzed and
improved for them to become the material of choice for surgeons in the
field.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by Medical Research Scotland, EPSRC
(through a programme grant EP/P001114/1) and a programme of
research funded by the Sir Bobby Charlton Foundation. M.S.S. ac-
knowledges support from a grant from the UK Regenerative Medicine
Platform ‘Acellular/Smart Materials – 3D Architecture’ (MR/R015651/
1). The graphical abstract was created using BioRender.com.

References

[1] C. Niyibizi, D.R. Eyre, Structural characteristics of cross-linking sites in type V
collagen of bone: chain specificities and heterotypic links to type I collagen, Eur. J.
Biochem. 224 (1994) 943–950, https://doi.org/10.1111/j.1432-
1033.1994.00943.x.

[2] S. Viguet-Carrin, P. Garnero, P.D. Delmas, The role of collagen in bone strength,
Osteoporos. Int. 17 (2006) 319–336, https://doi.org/10.1007/s00198-005-2035-
9.

[3] R. Parenteau-Bareil, R. Gauvin, F. Berthod, Collagen-based biomaterials for tissue
engineering applications, Materials (Basel) 3 (2010) 1863–1887, https://doi.org/
10.3390/ma3031863.
17
[4] J.-I. Ahn, L. Kuffova, K. Merrett, D. Mitra, J.V. Forrester, F. Li, M. Griffith,
Crosslinked collagen hydrogels as corneal implants: effects of sterically bulky vs.
non-bulky carbodiimides as crosslinkers, Acta Biomater. 9 (2013) 7796–7805,
https://doi.org/10.1016/j.actbio.2013.04.014.

[5] W. Hu, Z. Wang, Y. Xiao, S. Zhang, J. Wang, Advances in crosslinking strategies of
biomedical hydrogels, Biomater. Sci. 7 (2019) 843–855, https://doi.org/10.1039/
c8bm01246f.

[6] K. Lin, D. Zhang, M.H. Macedo, W. Cui, B. Sarmento, G. Shen, Advanced collagen-
based biomaterials for regenerative biomedicine, Adv. Funct. Mater. 29 (2019)
1804943, https://doi.org/10.1002/adfm.201804943.

[7] J. Zhu, L.J. Kaufman, Collagen I self-assembly: revealing the developing structures
that generate turbidity, Biophys. J. 106 (2014) 1822–1831, https://doi.org/
10.1016/j.bpj.2014.03.011.

[8] E.E. Antoine, P.P. Vlachos, M.N. Rylander, Review of collagen i hydrogels for
bioengineered tissue microenvironments: characterization of mechanics,
structure, and transport, Tissue Eng. B Rev. 20 (2014) 683–696, https://doi.org/
10.1089/ten.teb.2014.0086.

[9] C.F. Marques, G.S. Diogo, S. Pina, J.M. Oliveira, T.H. Silva, R.L. Reis, Collagen-
based bioinks for hard tissue engineering applications: a comprehensive review,
J. Mater. Sci. Mater. Med. 30 (2019), https://doi.org/10.1007/s10856-019-6234-
x.

[10] E.O. Osidak, V.I. Kozhukhov, M.S. Osidak, S.P. Domogatsky, Collagen as bioink for
bioprinting: a comprehensive review, Int. J. Bioprint. 6 (2020) 1–10, https://
doi.org/10.18063/IJB.V6I3.270.

[11] C. Zeltz, D. Gullberg, The integrin – collagen connection – a glue for tissue repair ?
J. Cell Sci. 129 (2016) 653–664, https://doi.org/10.1242/jcs.188672.

[12] D. Badiu, M. Vasile, O. Teren, Regulation of wound healing by growth factors and
cytokines, in: Wound Heal. Process. Phases Promot., 2011, pp. 73–93, https://
doi.org/10.1152/physrev.2003.83.3.835.

[13] M. Geiger, R.H. Li, W. Friess, Collagen sponges for bone regeneration with rhBMP-
2, Adv. Drug Deliv. Rev. 55 (2003) 1613–1629, https://doi.org/10.1016/
j.addr.2003.08.010.

[14] G.D. Nicodemus, S.J. Bryant, Cell encapsulation in biodegradable hydrogels for
tissue engineering applications, Tissue Eng. B Rev. 14 (2008) 149–165, https://
doi.org/10.1089/ten.teb.2007.0332.

[15] D.G. Wallace, J. Rosenblatt, Collagen gel systems for sustained delivery and tissue
engineering, Adv. Drug Deliv. Rev. 55 (2003) 1631–1649, https://doi.org/
10.1016/j.addr.2003.08.004.

[16] A.J. Engler, S. Sen, H.L. Sweeney, D.E. Discher, Matrix elasticity directs stem cell
lineage specification, Cell 126 (2006) 677–689, https://doi.org/10.1016/
j.cell.2006.06.044.

[17] A.J. Bailey, N.D. Light, E.D. Atkins, Chemical cross-linking restrictions on models
for the molecular organization of the collagen fibre, Nature 288 (1980) 408–410,
https://doi.org/10.1038/288408a0.

[18] B. Depalle, Z. Qin, S.J. Shefelbine, M.J. Buehler, Influence of cross-link structure,
density and mechanical properties in the mesoscale deformation mechanisms of
collagen fibrils, J. Mech. Behav. Biomed. Mater. 52 (2015) 1–13, https://doi.org/
10.1016/j.jmbbm.2014.07.008.

[19] S. Lin, L. Gu, Influence of crosslink density and stiffness on mechanical properties
of type I collagen gel, Materials (Basel) 8 (2015) 551–560, https://doi.org/
10.3390/ma8020551.

[20] D. Ceballos, X. Navarro, N. Dubey, G. Wendelschafer-Crabb, W.R. Kennedy,
R.T. Tranquillo, Magnetically aligned collagen gel filling a collagen nerve guide
improves peripheral nerve regeneration, Exp. Neurol. 158 (1999) 290–300,
https://doi.org/10.1006/exnr.1999.7111.

[21] D. Weia, J. Suna, Y. Yanga, C. Wu, S. Chena, Z. Guo, H. Fan, X. Zhang, D. Wei,
J. Sun, Y. Yang, C. Wu, S. Chen, Z. Guo, H. Fan, X. Zhang, Cell alignment guided by
nano/micro oriented collagen fibers and the synergistic vascularization for
nervous cell functional expression, Mater. Today Chem. 8 (2018) 85–95, https://
doi.org/10.1016/j.mtchem.2018.03.001.

[22] P. Thoniyot, M.J. Tan, A.A. Karim, D.J. Young, X.J. Loh, Nanoparticle–hydrogel
composites: concept, design, and applications of these promising, multi-functional
materials, Adv. Sci. 2 (2015), https://doi.org/10.1002/advs.201400010.

[23] G. Tozzi, A. De Mori, A. Oliveira, M. Roldo, Composite hydrogels for bone
regeneration, Materials (Basel) 9 (2016) 267, https://doi.org/10.3390/
ma9040267.

[24] M. Fathi-Achachelouei, H. Knopf-Marques, C.E. Ribeiro da Silva, J. Barth�es, E. Bat,
A. Tezcaner, N.E. Vrana, Use of nanoparticles in tissue engineering and
regenerative medicine, Front. Bioeng. Biotechnol. 7 (2019) 113, https://doi.org/
10.3389/fbioe.2019.00113.

[25] J.L. Holloway, H. Ma, R. Rai, J.A. Burdick, Modulating hydrogel crosslink density
and degradation to control bone morphogenetic protein delivery and in vivo bone
formation, J. Contr. Release 191 (2014) 63–70, https://doi.org/10.1016/
j.jconrel.2014.05.053.

[26] S. Suvarnapathaki, M.A. Nguyen, X. Wu, S.P. Nukavarapu, G. Camci-Unal,
Synthesis and characterization of photocrosslinkable hydrogels from bovine skin
gelatin, RSC Adv. 9 (2019) 13016–13025, https://doi.org/10.1039/c9ra00655a.

[27] R. Hartwell, V. Leung, C. Chavez-Munoz, L. Nabai, H. Yang, F. Ko, A. Ghahary,
A novel hydrogel-collagen composite improves functionality of an injectable
extracellular matrix, Acta Biomater. 7 (2011) 3060–3069, https://doi.org/
10.1016/j.actbio.2011.04.024.

[28] G. Camci-Unal, D. Cuttica, N. Annabi, D. Demarchi, A. Khademhosseini, Synthesis
and characterization of hybrid hyaluronic acid-gelatin hydrogels,
Biomacromolecules 14 (2013) 1085–1092, https://doi.org/10.1021/bm3019856.

[29] M.L. Oyen, Mechanical characterisation of hydrogel materials, Int. Mater. Rev. 59
(2014) 44–59, https://doi.org/10.1179/1743280413Y.0000000022.

http://BioRender.com
https://doi.org/10.1111/j.1432-1033.1994.00943.x
https://doi.org/10.1111/j.1432-1033.1994.00943.x
https://doi.org/10.1007/s00198-005-2035-9
https://doi.org/10.1007/s00198-005-2035-9
https://doi.org/10.3390/ma3031863
https://doi.org/10.3390/ma3031863
https://doi.org/10.1016/j.actbio.2013.04.014
https://doi.org/10.1039/c8bm01246f
https://doi.org/10.1039/c8bm01246f
https://doi.org/10.1002/adfm.201804943
https://doi.org/10.1016/j.bpj.2014.03.011
https://doi.org/10.1016/j.bpj.2014.03.011
https://doi.org/10.1089/ten.teb.2014.0086
https://doi.org/10.1089/ten.teb.2014.0086
https://doi.org/10.1007/s10856-019-6234-x
https://doi.org/10.1007/s10856-019-6234-x
https://doi.org/10.18063/IJB.V6I3.270
https://doi.org/10.18063/IJB.V6I3.270
https://doi.org/10.1242/jcs.188672
https://doi.org/10.1152/physrev.2003.83.3.835
https://doi.org/10.1152/physrev.2003.83.3.835
https://doi.org/10.1016/j.addr.2003.08.010
https://doi.org/10.1016/j.addr.2003.08.010
https://doi.org/10.1089/ten.teb.2007.0332
https://doi.org/10.1089/ten.teb.2007.0332
https://doi.org/10.1016/j.addr.2003.08.004
https://doi.org/10.1016/j.addr.2003.08.004
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1016/j.cell.2006.06.044
https://doi.org/10.1038/288408a0
https://doi.org/10.1016/j.jmbbm.2014.07.008
https://doi.org/10.1016/j.jmbbm.2014.07.008
https://doi.org/10.3390/ma8020551
https://doi.org/10.3390/ma8020551
https://doi.org/10.1006/exnr.1999.7111
https://doi.org/10.1016/j.mtchem.2018.03.001
https://doi.org/10.1016/j.mtchem.2018.03.001
https://doi.org/10.1002/advs.201400010
https://doi.org/10.3390/ma9040267
https://doi.org/10.3390/ma9040267
https://doi.org/10.3389/fbioe.2019.00113
https://doi.org/10.3389/fbioe.2019.00113
https://doi.org/10.1016/j.jconrel.2014.05.053
https://doi.org/10.1016/j.jconrel.2014.05.053
https://doi.org/10.1039/c9ra00655a
https://doi.org/10.1016/j.actbio.2011.04.024
https://doi.org/10.1016/j.actbio.2011.04.024
https://doi.org/10.1021/bm3019856
https://doi.org/10.1179/1743280413Y.0000000022


S.O. Sarrigiannidis et al. Materials Today Bio 10 (2021) 100098
[30] H. Omidian, S.-A. Hasherni, F. Askari, S. Nafisi, Swelling and crosslink density
measurements for hydrogels, Iran, J. Polym. Sci. Technol. 3 (1994) 115–119,
https://doi.org/10.1.1.542.9282.

[31] P.J. Flory, J. Rehner, Statistical mechanics of cross-linked polymer networks II.
Swelling, J. Chem. Phys. 11 (1943) 521–526, https://doi.org/10.1063/
1.1723792.

[32] D.C. Lin, J.F. Douglas, F. Horkay, Development of minimal models of the elastic
properties of flexible and stiff polymer networks with permanent and
thermoreversible cross-links, Soft Matter 6 (2010) 3548–3561, https://doi.org/
10.1039/b925219n.

[33] P. Schofield, C. Cohen, C.K. Ober, Synthesis and mechanical properties of semi-
flexible polymer networks, Polym. Gels Netw. 6 (1998) 291–300, https://doi.org/
10.1016/S0966-7822(98)80001-4.

[34] K.G. Cornwell, P. Lei, S.T. Andreadis, G.D. Pins, Crosslinking of discrete self-
assembled collagen threads: effects on mechanical strength and cell-matrix
interactions, J. Biomed. Mater. Res. A 80 (2007) 362–371, https://doi.org/
10.1002/jbm.a.30893.

[35] R.G.M. van der Sman, Biopolymer gel swelling analysed with scaling laws and
Flory-Rehner theory, Food Hydrocolloids 48 (2015) 94–101, https://doi.org/
10.1016/j.foodhyd.2015.01.025.

[36] C. Marmorat, A. Arinstein, N. Koifman, Y. Talmon, E. Zussman, M. Rafailovich,
Cryo-imaging of hydrogels supermolecular structure, Sci. Rep. 6 (2016) 1–6,
https://doi.org/10.1038/srep25495.

[37] Y.L. Yang, L.M. Leone, L.J. Kaufman, Elastic moduli of collagen gels can be
predicted from two-dimensional confocal microscopy, Biophys. J. 97 (2009)
2051–2060, https://doi.org/10.1016/j.bpj.2009.07.035.

[38] A.S.G. Van Oosten, M. Vahabi, A.J. Licup, A. Sharma, P.A. Galie, F.C. MacKintosh,
P.A. Janmey, Uncoupling shear and uniaxial elastic moduli of semiflexible
biopolymer networks: compression-softening and stretch-stiffening, Sci. Rep. 6
(2016) 1–9, https://doi.org/10.1038/srep19270.

[39] K.A. Jansen, A.J. Licup, A. Sharma, R. Rens, F.C. MacKintosh, G.H. Koenderink,
The role of network architecture in collagen mechanics, Biophys. J. 114 (2018)
2665–2678, https://doi.org/10.1016/j.bpj.2018.04.043.

[40] A. Sharma, A.J. Licup, K.A. Jansen, R. Rens, M. Sheinman, G.H. Koenderink,
F.C. Mackintosh, Strain-controlled criticality governs the nonlinear mechanics of
fibre networks, Nat. Phys. 12 (2016) 584–587, https://doi.org/10.1038/
nphys3628.

[41] F.C. MacKintosh, J. K€as, P.A. Janmey, Elasticity of semiflexible biopolymer
networks, Phys. Rev. Lett. 75 (1995) 4425–4428, https://doi.org/10.1103/
PhysRevLett.75.4425.

[42] A.M. Stein, D.A. Vader, D.A. Weitz, L.M. Sander, The micromechanics of three-
dimensional collagen-I gels, Complexity 16 (2011) 22–28, https://doi.org/
10.1002/cplx.20332.

[43] D.C. Morse, Viscoelasticity of concentrated isotropic solutions of semiflexible
polymers. 1. Model and stress tensor, Macromolecules 31 (1998) 7030–7043,
https://doi.org/10.1021/ma9803032.

[44] Y. von Hansen, S. Rode, R.R. Netz, Convolution theory for dynamic systems: a
bottom-up approach to the viscoelasticity of polymeric networks, Eur. Phys. J. E.
Soft Matter. 36 (2013) 137, https://doi.org/10.1140/epje/i2013-13137-5.

[45] C. Valero, H. Amaveda, M. Mora, J.M. García-Aznar, Combined experimental and
computational characterization of crosslinked collagen-based hydrogels, PloS One
13 (2018), e0195820, https://doi.org/10.1371/journal.pone.0195820.

[46] K.H. Vining, A. Stafford, D.J. Mooney, Sequential modes of crosslinking tune
viscoelasticity of cell-instructive hydrogels, Biomaterials 188 (2019) 187–197,
https://doi.org/10.1016/j.biomaterials.2018.10.013.

[47] A.J. Licup, S. Münster, A. Sharma, M. Sheinman, L.M. Jawerth, B. Fabry,
D.A. Weitz, F.C. MacKintosh, Stress controls the mechanics of collagen networks,
Proc. Natl. Acad. Sci. U.S.A. 112 (2015) 9573–9578, https://doi.org/10.1073/
pnas.1504258112.

[48] J. Sapudom, L. Kalbitzer, X. Wu, S. Martin, K. Kroy, T. Pompe, Fibril bending
stiffness of 3D collagen matrices instructs spreading and clustering of invasive and
non-invasive breast cancer cells, Biomaterials 193 (2019) 47–57, https://doi.org/
10.1016/j.biomaterials.2018.12.010.

[49] B.K. Chan, C.C. Wippich, C.-J. Wu, P.M. Sivasankar, G. Schmidt, Robust and semi-
interpenetrating hydrogels from poly(ethylene glycol) and collagen for
elastomeric tissue scaffolds, Macromol. Biosci. 12 (2012) 1490–1501, https://
doi.org/10.1002/mabi.201200234.

[50] C. Lotz, F.F. Schmid, E. Oechsle, M.G. Monaghan, H. Walles, F. Groeber-Becker,
Cross-linked collagen hydrogel matrix resisting contraction to facilitate full-
thickness skin equivalents, ACS Appl. Mater. Interfaces 9 (2017) 20417–20425,
https://doi.org/10.1021/acsami.7b04017.

[51] G.C. Wood, M.K. Keech, The formation of fibrils from collagen solutions 1. The
effect of experimental conditions: kinetic and electron-microscope studies,
Biochem. J. 75 (1960) 588–598, https://doi.org/10.1042/bj0750588.

[52] F.H. Silver, Type I collagen fibrillogenesis in vitro. Additional evidence for the
assembly mechanism, J. Biol. Chem. 256 (1981) 4973–4977.

[53] F.H. Silver, D.E. Birk, Kinetic analysis of collagen fibrillogenesis: I. Use of
turbidity-time data, Collagen Relat. Res. 3 (1983) 393–405, https://doi.org/
10.1016/s0174-173x(83)80020-x.

[54] M. Yamauchi, M. Terajima, M. Shiiba, Lysine hydroxylation and cross-linking of
collagen, in: C. Kannicht (Ed.), Ost-Translational Modif. Proteins. Methods Mol.
Biol., vol. 446, Humana Press, New York, 2008, pp. 95–108, https://doi.org/
10.1007/978-1-60327-084-7_7.

[55] S.P. Robins, M. Shimokomakit, A.J. Baileyt, The chemistry of the collagen cross-
links AGE-RELATED changes IN the reducible components OF intact bovine
18
collagen fibres, Biochem. J. 131 (1973) 771–780, https://doi.org/10.1042/
bj1310771.

[56] D.R. Eyre, I.R. Dickson, K. Van Ness, Collagen cross-linking in human bone and
articular cartilage. Age-related changes in the content of mature
hydroxypyridinium residues, Biochem. J. 252 (1988) 495–500, https://doi.org/
10.1042/bj2520495.

[57] L. Knott, C.C. Whitehead, R.H. Fleming, A.J. Bailey, Biochemical changes in the
collagenous matrix of osteoporotic avian bone, Biochem. J. 310 (1995)
1045–1051, https://doi.org/10.1042/bj3101045.

[58] D.R. Stamov, T.A. Khoa Nguyen, H.M. Evans, T. Pfohl, C. Werner, T. Pompe, The
impact of heparin intercalation at specific binding sites in telopeptide-free
collagen type I fibrils, Biomaterials 32 (2011) 7444–7453, https://doi.org/
10.1016/j.biomaterials.2011.06.031.

[59] N. Avery, A. Bailey, Restraining cross-links responsible for the mechanical
properties of collagen fibers: natural and artificial, Collagen (2008) 81–110,
https://doi.org/10.1007/978-0-387-73906-9_4.

[60] D.R. Eyre, M.A. Weis, J. Rai, Analyses of lysine aldehyde cross-linking in collagen
reveal that the mature cross-link histidinohydroxylysinonorleucine is an artifact,
J. Biol. Chem. 294 (2019) 6578–6590, https://doi.org/10.1074/
jbc.RA118.007202.

[61] Y. Li, A. Asadi, M.R. Monroe, E.P. Douglas, pH effects on collagen fibrillogenesis in
vitro: electrostatic interactions and phosphate binding, Mater. Sci. Eng. C 29
(2009) 1643–1649, https://doi.org/10.1016/j.msec.2009.01.001.

[62] S. Leikin, D.C. Rau, V.A. Parsegian, Temperature-favoured assembly of collagen is
driven by hydrophilic not hydrophobic interactions, Nat. Struct. Biol. 2 (1995)
205–210, https://doi.org/10.1038/nsb0395-205.

[63] E.E. Antoine, P.P. Vlachos, M.N. Rylander, Tunable collagen I hydrogels for
engineered physiological tissue micro-environments, PloS One 10 (2015),
e0122500, https://doi.org/10.1371/journal.pone.0122500.

[64] M. Achilli, D. Mantovani, Tailoring mechanical properties of collagen-based
scaffolds for vascular tissue engineering: the effects of pH, temperature and ionic
strength on gelation, Polymers (Basel) 2 (2010) 664–680, https://doi.org/
10.3390/polym2040664.

[65] C.B. Raub, V. Suresh, T. Krasieva, J. Lyubovitsky, J.D. Mih, A.J. Putnam,
B.J. Tromberg, S.C. George, Noninvasive assessment of collagen gel
microstructure and mechanics using multiphoton microscopy, Biophys. J. 92
(2007) 2212–2222, https://doi.org/10.1529/biophysj.106.097998.

[66] N. Yamamura, R. Sudo, M. Ikeda, K. Tanishita, Effects of the mechanical properties
of collagen gel on the in vitro formation of microvessel networks by endothelial
cells, Tissue Eng. 13 (2007) 1443–1453, https://doi.org/10.1089/ten.2006.0333.

[67] H.E. Jeong, H.-R. Seo, H.J. Joo, S. Chung, The angiogenic sprouting of endothelial
cells in three-dimensional collagen gel matrix, in: 17th Int. Conf. Miniaturized
Syst. Chem. Life Sci. MicroTAS 2013, 2013, pp. 434–436.

[68] B.A. Roeder, K. Kokini, J.E. Sturgis, J.P. Robinson, S.L. Voytik-Harbin, Tensile
mechanical properties of three-dimensional type I collagen extracellular matrices
with varied microstructure, J. Biomech. Eng. 124 (2002) 214–222, https://
doi.org/10.1115/1.1449904.

[69] H. Yoon, J.-S. Lee, H. Yim, G. Kim, W. Chun, Development of cell-laden 3D
scaffolds for efficient engineered skin substitutes by collagen gelation, RSC Adv. 6
(2016) 21439–21447, https://doi.org/10.1039/C5RA19532B.

[70] U. Freudenberg, S.H. Behrens, P.B. Welzel, M. Müller, M. Grimmer, K. Salchert,
T. Taeger, K. Schmidt, W. Pompe, C. Werner, Electrostatic interactions modulate
the conformation of collagen I, Biophys. J. 92 (2007) 2108–2119, https://doi.org/
10.1529/biophysj.106.094284.

[71] F.H. Silver, J.W. Freeman, G.P. Seehra, Collagen self-assembly and the
development of tendon mechanical properties, J. Biomech. 36 (2003) 1529–1553,
https://doi.org/10.1016/S0021-9290(03)00135-0.

[72] L. Kalbitzer, T. Pompe, Fibril growth kinetics link buffer conditions and topology
of 3D collagen I networks, Acta Biomater. 67 (2018) 206–214, https://doi.org/
10.1016/j.actbio.2017.11.051.

[73] D.O. Sohutskay, T.J. Puls, S.L. Voytik-Harbin, Collagen self-assembly: biophysics
and biosignaling for advanced tissue generation, in: Multi-Scale Extracell. Matrix
Mech. Mechanobiol., Springer, Cham, 2020, pp. 203–245, https://doi.org/
10.1007/978-3-030-20182-1_7.

[74] J. Sapudom, S. Rubner, S. Martin, T. Kurth, S. Riedel, C.T. Mierke, T. Pompe, The
phenotype of cancer cell invasion controlled by fibril diameter and pore size of 3D
collagen networks, Biomaterials 52 (2015) 367–375, https://doi.org/10.1016/
j.biomaterials.2015.02.022.

[75] A.O. Brightman, B.P. Rajwa, J.E. Sturgis, M.E. McCallister, J.P. Robinson,
S.L. Voytik-Harbin, Time-lapse confocal reflection microscopy of collagen
fibrillogenesis and extracellular matrix assembly in vitro, Biopolymers 54 (2000)
222–234, https://doi.org/10.1002/1097-0282(200009)54:3<222::AID-
BIP80>3.0.CO;2-K.

[76] S.T. Kreger, B.J. Bell, J. Bailey, E. Stites, J. Kuske, B. Waisner, S.L. Voytik-Harbin,
Polymerization and matrix physical properties as important design considerations
for soluble collagen formulations, Biopolymers 93 (2010) 690–707, https://
doi.org/10.1002/bip.21431.

[77] R.K. Willits, S.L. Skornia, Effect of collagen gel stiffness on neurite extension,
J. Biomater. Sci. Polym. Ed. 15 (2004) 1521–1531, https://doi.org/10.1163/
1568562042459698.

[78] D. Pankajakshan, S.L. Voytik-Harbin, J.E. N€or, M.C. Bottino, Injectable highly
tunable oligomeric collagen matrices for dental tissue regeneration, ACS Appl.
Biol. Mater. 3 (2020) 859–868, https://doi.org/10.1021/acsabm.9b00944.

[79] M.R. Parkhurst, W.M. Saltzman, Quantification of human neutrophil motility in
three-dimensional collagen gels. Effect of collagen concentration, Biophys. J. 61
(1992) 306–315, https://doi.org/10.1016/S0006-3495(92)81838-6.

http://refhub.elsevier.com/S2590-0064(21)00006-5/sref30
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref30
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref30
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref30
https://doi.org/10.1063/1.1723792
https://doi.org/10.1063/1.1723792
https://doi.org/10.1039/b925219n
https://doi.org/10.1039/b925219n
https://doi.org/10.1016/S0966-7822(98)80001-4
https://doi.org/10.1016/S0966-7822(98)80001-4
https://doi.org/10.1002/jbm.a.30893
https://doi.org/10.1002/jbm.a.30893
https://doi.org/10.1016/j.foodhyd.2015.01.025
https://doi.org/10.1016/j.foodhyd.2015.01.025
https://doi.org/10.1038/srep25495
https://doi.org/10.1016/j.bpj.2009.07.035
https://doi.org/10.1038/srep19270
https://doi.org/10.1016/j.bpj.2018.04.043
https://doi.org/10.1038/nphys3628
https://doi.org/10.1038/nphys3628
https://doi.org/10.1103/PhysRevLett.75.4425
https://doi.org/10.1103/PhysRevLett.75.4425
https://doi.org/10.1002/cplx.20332
https://doi.org/10.1002/cplx.20332
https://doi.org/10.1021/ma9803032
https://doi.org/10.1140/epje/i2013-13137-5
https://doi.org/10.1371/journal.pone.0195820
https://doi.org/10.1016/j.biomaterials.2018.10.013
https://doi.org/10.1073/pnas.1504258112
https://doi.org/10.1073/pnas.1504258112
https://doi.org/10.1016/j.biomaterials.2018.12.010
https://doi.org/10.1016/j.biomaterials.2018.12.010
https://doi.org/10.1002/mabi.201200234
https://doi.org/10.1002/mabi.201200234
https://doi.org/10.1021/acsami.7b04017
https://doi.org/10.1042/bj0750588
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref52
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref52
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref52
https://doi.org/10.1016/s0174-173x(83)80020-x
https://doi.org/10.1016/s0174-173x(83)80020-x
https://doi.org/10.1007/978-1-60327-084-7_7
https://doi.org/10.1007/978-1-60327-084-7_7
https://doi.org/10.1042/bj1310771
https://doi.org/10.1042/bj1310771
https://doi.org/10.1042/bj2520495
https://doi.org/10.1042/bj2520495
https://doi.org/10.1042/bj3101045
https://doi.org/10.1016/j.biomaterials.2011.06.031
https://doi.org/10.1016/j.biomaterials.2011.06.031
https://doi.org/10.1007/978-0-387-73906-9_4
https://doi.org/10.1074/jbc.RA118.007202
https://doi.org/10.1074/jbc.RA118.007202
https://doi.org/10.1016/j.msec.2009.01.001
https://doi.org/10.1038/nsb0395-205
https://doi.org/10.1371/journal.pone.0122500
https://doi.org/10.3390/polym2040664
https://doi.org/10.3390/polym2040664
https://doi.org/10.1529/biophysj.106.097998
https://doi.org/10.1089/ten.2006.0333
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref67
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref67
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref67
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref67
https://doi.org/10.1115/1.1449904
https://doi.org/10.1115/1.1449904
https://doi.org/10.1039/C5RA19532B
https://doi.org/10.1529/biophysj.106.094284
https://doi.org/10.1529/biophysj.106.094284
https://doi.org/10.1016/S0021-9290(03)00135-0
https://doi.org/10.1016/j.actbio.2017.11.051
https://doi.org/10.1016/j.actbio.2017.11.051
https://doi.org/10.1007/978-3-030-20182-1_7
https://doi.org/10.1007/978-3-030-20182-1_7
https://doi.org/10.1016/j.biomaterials.2015.02.022
https://doi.org/10.1016/j.biomaterials.2015.02.022
https://doi.org/10.1002/1097-0282(200009)54:3<222::AID-BIP80>3.0.CO;2-K
https://doi.org/10.1002/1097-0282(200009)54:3<222::AID-BIP80>3.0.CO;2-K
https://doi.org/10.1002/1097-0282(200009)54:3<222::AID-BIP80>3.0.CO;2-K
https://doi.org/10.1002/1097-0282(200009)54:3<222::AID-BIP80>3.0.CO;2-K
https://doi.org/10.1002/bip.21431
https://doi.org/10.1002/bip.21431
https://doi.org/10.1163/1568562042459698
https://doi.org/10.1163/1568562042459698
https://doi.org/10.1021/acsabm.9b00944
https://doi.org/10.1016/S0006-3495(92)81838-6


S.O. Sarrigiannidis et al. Materials Today Bio 10 (2021) 100098
[80] C.A.R. Jones, L. Liang, D. Lin, Y. Jiao, B. Sun, The spatial-temporal characteristics
of type i collagen-based extracellular matrix, Soft Matter 10 (2014) 8855–8863,
https://doi.org/10.1039/c4sm01772b.

[81] Y.J. Hwang, J.G. Lyubovitsky, Collagen hydrogel characterization: multi-scale and
multi-modality approach, Anal. Methods 3 (2011) 529–536, https://doi.org/
10.1039/c0ay00381f.

[82] M.G. McCoy, B.R. Seo, S. Choi, C. Fischbach, Collagen I hydrogel microstructure
and composition conjointly regulate vascular network formation, Acta Biomater.
44 (2016) 200–208, https://doi.org/10.1016/j.actbio.2016.08.028.

[83] B.R. Seo, X. Chen, L. Ling, Y.H. Song, A.A. Shimpi, S. Choi, J. Gonzalez,
J. Sapudom, K. Wang, R.C.A. Eguiluz, D. Gourdon, V.B. Shenoy, C. Fischbach,
Collagen microarchitecture mechanically controls myofibroblast differentiation,
Proc. Natl. Acad. Sci. U.S.A. 117 (2020) 11387–11398, https://doi.org/10.1073/
pnas.1919394117.

[84] K.E. Kadler, A. Hill, E.G. Canty-Laird, Collagen fibrillogenesis: fibronectin,
integrins, and minor collagens as organizers and nucleators, Curr. Opin. Cell Biol.
20 (2008) 495–501, https://doi.org/10.1016/j.ceb.2008.06.008.

[85] M. Antman-Passig, S. Levy, C. Gartenberg, H. Schori, O. Shefi, Mechanically
oriented 3D collagen hydrogel for directing neurite growth, Tissue Eng. A 23
(2017) 403–414, https://doi.org/10.1089/ten.tea.2016.0185.

[86] J.J. Norman, T.A. Desai, Control of cellular organization in three dimensions using
a microfabricated polydimethylsiloxane-collagen composite tissue scaffold, Tissue
Eng. 11 (2005) 378–386, https://doi.org/10.1089/ten.2005.11.378.

[87] C. Guo, L.J. Kaufman, Flow and magnetic field induced collagen alignment,
Biomaterials 28 (2007) 1105–1114, https://doi.org/10.1016/
j.biomaterials.2006.10.010.

[88] N. Dubey, P.C. Letourneau, R.T. Tranquillo, Guided neurite elongation and
Schwann cell invasion into magnetically aligned collagen in simulated peripheral
nerve regeneration, Exp. Neurol. 158 (1999) 338–350, https://doi.org/10.1006/
exnr.1999.7095.

[89] M. Antman-Passig, O. Shefi, Remote magnetic orientation of 3D collagel hydrogels
for directed neuronal regeneration, Nano Lett. 16 (2016) 2567–2573, https://
doi.org/10.1021/acs.nanolett.6b00131.

[90] X. Cheng, U.A. Gurkan, C.J. Dehen, M.P. Tate, H.W. Hillhouse, G.J. Simpson,
O. Akkus, An electrochemical fabrication process for the assembly of
anisotropically oriented collagen bundles, Biomaterials 29 (2008) 3278–3288,
https://doi.org/10.1016/j.biomaterials.2008.04.028.

[91] K.K. Moncal, V. Ozbolat, P. Datta, D.N. Heo, I.T. Ozbolat, Thermally-controlled
extrusion-based bioprinting of collagen, J. Mater. Sci. Mater. Med. 30 (2019) 55,
https://doi.org/10.1007/s10856-019-6258-2.

[92] S. Brookes, S. Voytik-Harbin, H. Zhang, S. Halum, Three-dimensional tissue-
engineered skeletal muscle for laryngeal reconstruction, Laryngoscope 128 (2018)
603–609, https://doi.org/10.1002/lary.26771.

[93] B. Marelli, C.E. Ghezzi, M. James-Bhasin, S.N. Nazhat, Fabrication of injectable,
cellular, anisotropic collagen tissue equivalents with modular fibrillar densities,
Biomaterials 37 (2015) 183–193, https://doi.org/10.1016/
j.biomaterials.2014.10.019.

[94] C.L. Cummings, D. Gawlitta, R.M. Nerem, J.P. Stegemann, Properties of
engineered vascular constructs made from collagen, fibrin, and collagen-fibrin
mixtures, Biomaterials 25 (2004) 3699–3706, https://doi.org/10.1016/
j.biomaterials.2003.10.073.

[95] J.P.K. Armstrong, J.L. Puetzer, A. Serio, A.G. Guex, M. Kapnisi, A. Breant, Y. Zong,
V. Assal, S.C. Skaalure, O. King, T. Murty, C. Meinert, A.C. Franklin,
P.G. Bassindale, M.K. Nichols, C.M. Terracciano, D.W. Hutmacher,
B.W. Drinkwater, T.J. Klein, A.W. Perriman, M.M. Stevens, Engineering
anisotropic muscle tissue using acoustic cell patterning, Adv. Mater. 30 (2018)
1802649, https://doi.org/10.1002/adma.201802649.

[96] J. Torbet, M.C. Ronzi�ere, Magnetic alignment of collagen during self-assembly,
Biochem. J. 219 (1984) 1057–1059, https://doi.org/10.1042/bj2191057.

[97] H. Kim, J. Jang, J. Park, K.-P. Lee, S. Lee, D.-M. Lee, K.H. Kim, H.K. Kim, D.-
W. Cho, Shear-induced alignment of collagen fibrils using 3D cell printing for
corneal stroma tissue engineering, Biofabrication 11 (2019) 35017, https://
doi.org/10.1088/1758-5090/ab1a8b.

[98] R.A. Brown, M. Wiseman, C.-B.C.B. Chuo, U. Cheema, S.N. Nazhat, Ultrarapid
engineering of biomimetic materials and tissues: fabrication of nano- and
microstructures by plastic compression, Adv. Funct. Mater. 15 (2005) 1762–1770,
https://doi.org/10.1002/adfm.200500042.

[99] B. Li, T. Webster, Orthopedic Biomaterials: Advances and Applications, Springer,
2018.

[100] E. Braziulis, M. Diezi, T. Biedermann, L. Pontiggia, M. Schmucki, F. Hartmann-
Fritsch, J. Luginbühl, C. Schiestl, M. Meuli, E. Reichmann, Modified plastic
compression of collagen hydrogels provides an ideal matrix for clinically
applicable skin substitutes, Tissue Eng. C Methods 18 (2012) 464–474, https://
doi.org/10.1089/ten.TEC.2011.0561.

[101] S. Mi, B. Chen, B. Wright, C.J. Connon, Plastic compression of a collagen gel forms
a much improved scaffold for ocular surface tissue engineering over conventional
collagen gels, J. Biomed. Mater. Res. A 95A (2010) 447–453, https://doi.org/
10.1002/jbm.a.32861.

[102] T. Novak, B. Seelbinder, C.M. Twitchell, C.C. van Donkelaar, S.L. Voytik-Harbin,
C.P. Neu, Mechanisms and microenvironment investigation of cellularized high
density gradient collagen matrices via densification, Adv. Funct. Mater. 26 (2016)
2617–2628, https://doi.org/10.1002/adfm.201503971.

[103] H. Zhang, S. Voytik-Harbin, S. Brookes, L. Zhang, J. Wallace, N. Parker, S. Halum,
Use of autologous adipose-derived mesenchymal stem cells for creation of
laryngeal cartilage, Laryngoscope 128 (2018) E123–E129, https://doi.org/
10.1002/lary.26980.
19
[104] I.V. Yannas, A.V. Tobolsky, Cross-linking of gelatine by dehydration, Nature 215
(1967) 509–510, https://doi.org/10.1038/215509b0.

[105] J.W. Drexler, H.M. Powell, Dehydrothermal crosslinking of electrospun collagen,
Tissue Eng. C Methods 17 (2011) 9–17, https://doi.org/10.1089/
ten.TEC.2009.0754.

[106] M.G. Haugh, M.J. Jaasma, F.J. O'Brien, The effect of dehydrothermal treatment on
the mechanical and structural properties of collagen-{GAG} scaffolds, J. Biomed.
Mater. Res. A 89 (2009) 363–369, https://doi.org/10.1002/jbm.a.31955.

[107] M.D. Sarker, S. Naghieh, A.D. McInnes, D.J. Schreyer, X. Chen, Regeneration of
peripheral nerves by nerve guidance conduits: influence of design, biopolymers,
cells, growth factors, and physical stimuli, Prog. Neurobiol. 171 (2018) 125–150,
https://doi.org/10.1016/j.pneurobio.2018.07.002.

[108] A. Marui, A. Kanematsu, K. Yamahara, K. Doi, T. Kushibiki, M. Yamamoto, H. Itoh,
T. Ikeda, Y. Tabata, M. Komeda, Simultaneous application of basic fibroblast
growth factor and hepatocyte growth factor to enhance the blood vessels
formation, J. Vasc. Surg. 41 (2005) 82–90, https://doi.org/10.1016/
j.jvs.2004.10.029.

[109] D.-H. Lew, P.H.-T. Liu, D.P. Orgill, Optimization of UV cross-linking density for
durable and nontoxic collagen GAG dermal substitute, J. Biomed. Mater. Res. B
Appl. Biomater. 82B (2007) 51–56, https://doi.org/10.1002/jbm.b.30704.

[110] K.S. Weadock, E.J. Miller, L.D. Bellincampi, J.P. Zawadsky, M.G. Dunn, Physical
crosslinking of collagen fibers: comparison of ultraviolet irradiation and
dehydrothermal treatment, J. Biomed. Mater. Res. 29 (1995) 1373–1379, https://
doi.org/10.1002/jbm.820291108.

[111] A. Landfeld, M. Hou�skamilan, J. Sko�cilas, R. �Zitny, P. Novotn�a, J. �Stangl,
M. Dost�al, D. Chv�atil, The effect of irradiation on rheological and electrical
properties of collagen, Appl. Rheol. 26 (2016) 35–41, https://doi.org/10.3933/
applrheol-26-43775.

[112] J. Heo, R.H. Koh, W. Shim, H.D. Kim, H.-G. Yim, N.S. Hwang, Riboflavin-induced
photo-crosslinking of collagen hydrogel and its application in meniscus tissue
engineering, Drug Deliv. Transl. Res. 6 (2016) 148–158, https://doi.org/10.1007/
s13346-015-0224-4.

[113] M. Ahearne, Y. Yang, K.Y. Then, K.-K. Liu, Non-destructive mechanical
characterisation of UVA/riboflavin crosslinked collagen hydrogels, Br. J.
Ophthalmol. 92 (2008) 268–271, https://doi.org/10.1136/bjo.2007.130104.

[114] H. Mofty, K. Alzahrani, F. Carley, S. Harper, A. Brahma, L. Au, D. Morley,
M.C. Hillarby, Evaluation of corneal symmetry after UV corneal crosslinking for
keratoconus, Clin. Ophthalmol. 11 (2017) 2043–2049, https://doi.org/10.2147/
OPTH.S143511.

[115] K.E. Kadler, D.F. Holmes, J.A. Trotter, J.A. Chapman, K.E. Kadler, D.F. Holmes,
J.A. Trotter, J.A. Chapman, Collagen fibril formation, Biochem. J. 316 (Pt 1)
(1996) 1–11, https://doi.org/10.1042/bj3160001.

[116] W.H. Akeson, D. Amiel, G.L. Mechanic, S.L. Woo, F.L. Harwood, M.L. Hamer,
Collagen cross-linking alterations in joint contractures: changes in the reducible
cross-links in periarticular connective tissue collagen after nine weeks of
immobilization, Connect. Tissue Res. 5 (1977) 15–19, https://doi.org/10.3109/
03008207709152607.

[117] C. Yang, Enhanced physicochemical properties of collagen by using EDC/NHS-
crosslinking, Bull. Mater. Sci. 35 (2012) 913–918, https://doi.org/10.1007/
s12034-012-0376-5.

[118] G. Lammers, G.S. Tjabringa, J. Schalkwijk, W.F. Daamen, T.H. van Kuppevelt,
A molecularly defined array based on native fibrillar collagen for the assessment of
skin tissue engineering biomaterials, Biomaterials 30 (2009) 6213–6220, https://
doi.org/10.1016/j.biomaterials.2009.07.050.

[119] W.G. Bradley, G.L. Wilkes, Some mechanical property considerations of
reconstituted collagen for drug release supports, Biomater. Med. Devices Artif.
Organs 5 (1977) 159–175, https://doi.org/10.3109/10731197709118671.

[120] R.J. Ruderman, C.W.R. Wade, W.D. Shepard, F. Leonard, Prolonged resorption of
collagen sponges: vapor-phase treatment with formaldehyde, J. Biomed. Mater.
Res. 7 (1973) 263–265, https://doi.org/10.1002/jbm.820070213.

[121] R. Tu, C.L. Lu, K. Thyagarajan, E. Wang, H. Nguyen, S. Shen, C. Hata, R.C. Quijano,
Kinetic study of collagen fixation with polyepoxy fixatives, J. Biomed. Mater. Res.
27 (1993) 3–9, https://doi.org/10.1002/jbm.820270103.

[122] H. Petite, I. Rault, A. Huc, P. Menasche, D. Herbage, Use of the acyl azide method
for cross-linking collagen-rich tissues such as pericardium, J. Biomed. Mater. Res.
24 (1990) 179–187, https://doi.org/10.1002/jbm.820240205.

[123] D. Mumcuoglu, L. de Miguel, S. Jekhmane, C. Siverino, J. Nickel, T.D. Mueller,
J.P. van Leeuwen, G.J. van Osch, S.G. Kluijtmans, Collagen I derived recombinant
protein microspheres as novel delivery vehicles for bone morphogenetic protein-2,
Mater. Sci. Eng. C Mater. Biol. Appl. 84 (2018) 271–280, https://doi.org/
10.1016/j.msec.2017.11.031.

[124] N. Bryan, H. Ashwin, N. Smart, Y. Bayon, N. Scarborough, J.A. Hunt, The innate
oxygen dependant immune pathway as a sensitive parameter to predict the
performance of biological graft materials, Biomaterials 33 (2012) 6380–6392,
https://doi.org/10.1016/j.biomaterials.2012.05.058.

[125] T.S. Girton, T.R. Oegema, E.D. Grassl, B.C. Isenberg, R.T. Tranquillo, Mechanisms
of stiffening and strengthening in media-equivalents fabricated using glycation,
J. Biomech. Eng. 122 (2000) 216–223, https://doi.org/10.1115/1.429652.

[126] J. Ward, J. Kelly, W. Wang, D.I. Zeugolis, A. Pandit, Amine functionalization of
collagen matrices with multifunctional polyethylene glycol systems,
Biomacromolecules 11 (2010) 3093–3101, https://doi.org/10.1021/bm100898p.

[127] D.I. Zeugolis, G.R. Paul, G. Attenburrow, Cross-linking of extruded collagen fibers-
A biomimetic three-dimensional scaffold for tissue engineering applications,
J. Biomed. Mater. Res. A 89 (2009) 895–908, https://doi.org/10.1002/
jbm.a.32031.

https://doi.org/10.1039/c4sm01772b
https://doi.org/10.1039/c0ay00381f
https://doi.org/10.1039/c0ay00381f
https://doi.org/10.1016/j.actbio.2016.08.028
https://doi.org/10.1073/pnas.1919394117
https://doi.org/10.1073/pnas.1919394117
https://doi.org/10.1016/j.ceb.2008.06.008
https://doi.org/10.1089/ten.tea.2016.0185
https://doi.org/10.1089/ten.2005.11.378
https://doi.org/10.1016/j.biomaterials.2006.10.010
https://doi.org/10.1016/j.biomaterials.2006.10.010
https://doi.org/10.1006/exnr.1999.7095
https://doi.org/10.1006/exnr.1999.7095
https://doi.org/10.1021/acs.nanolett.6b00131
https://doi.org/10.1021/acs.nanolett.6b00131
https://doi.org/10.1016/j.biomaterials.2008.04.028
https://doi.org/10.1007/s10856-019-6258-2
https://doi.org/10.1002/lary.26771
https://doi.org/10.1016/j.biomaterials.2014.10.019
https://doi.org/10.1016/j.biomaterials.2014.10.019
https://doi.org/10.1016/j.biomaterials.2003.10.073
https://doi.org/10.1016/j.biomaterials.2003.10.073
https://doi.org/10.1002/adma.201802649
https://doi.org/10.1042/bj2191057
https://doi.org/10.1088/1758-5090/ab1a8b
https://doi.org/10.1088/1758-5090/ab1a8b
https://doi.org/10.1002/adfm.200500042
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref99
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref99
https://doi.org/10.1089/ten.TEC.2011.0561
https://doi.org/10.1089/ten.TEC.2011.0561
https://doi.org/10.1002/jbm.a.32861
https://doi.org/10.1002/jbm.a.32861
https://doi.org/10.1002/adfm.201503971
https://doi.org/10.1002/lary.26980
https://doi.org/10.1002/lary.26980
https://doi.org/10.1038/215509b0
https://doi.org/10.1089/ten.TEC.2009.0754
https://doi.org/10.1089/ten.TEC.2009.0754
https://doi.org/10.1002/jbm.a.31955
https://doi.org/10.1016/j.pneurobio.2018.07.002
https://doi.org/10.1016/j.jvs.2004.10.029
https://doi.org/10.1016/j.jvs.2004.10.029
https://doi.org/10.1002/jbm.b.30704
https://doi.org/10.1002/jbm.820291108
https://doi.org/10.1002/jbm.820291108
https://doi.org/10.3933/applrheol-26-43775
https://doi.org/10.3933/applrheol-26-43775
https://doi.org/10.1007/s13346-015-0224-4
https://doi.org/10.1007/s13346-015-0224-4
https://doi.org/10.1136/bjo.2007.130104
https://doi.org/10.2147/OPTH.S143511
https://doi.org/10.2147/OPTH.S143511
https://doi.org/10.1042/bj3160001
https://doi.org/10.3109/03008207709152607
https://doi.org/10.3109/03008207709152607
https://doi.org/10.1007/s12034-012-0376-5
https://doi.org/10.1007/s12034-012-0376-5
https://doi.org/10.1016/j.biomaterials.2009.07.050
https://doi.org/10.1016/j.biomaterials.2009.07.050
https://doi.org/10.3109/10731197709118671
https://doi.org/10.1002/jbm.820070213
https://doi.org/10.1002/jbm.820270103
https://doi.org/10.1002/jbm.820240205
https://doi.org/10.1016/j.msec.2017.11.031
https://doi.org/10.1016/j.msec.2017.11.031
https://doi.org/10.1016/j.biomaterials.2012.05.058
https://doi.org/10.1115/1.429652
https://doi.org/10.1021/bm100898p
https://doi.org/10.1002/jbm.a.32031
https://doi.org/10.1002/jbm.a.32031


S.O. Sarrigiannidis et al. Materials Today Bio 10 (2021) 100098
[128] T. Taguchi, L. Xu, H. Kobayashi, A. Taniguchi, K. Kataoka, J. Tanaka,
Encapsulation of chondrocytes in injectable alkali-treated collagen gels prepared
using poly (ethylene glycol)-based 4-armed star polymer, Biomaterials 26 (2005)
1247–1252, https://doi.org/10.1016/j.biomaterials.2004.04.029.

[129] E. Cosgriff-Hernandez, M.S. Hahn, B. Russell, T. Wilems, D. Munoz-Pinto,
M.B. Browning, J. Rivera, M. H€o€ok, Bioactive hydrogels based on designer
collagens, Acta Biomater. 6 (2010) 3969–3977, https://doi.org/10.1016/
j.actbio.2010.05.002.

[130] E.C. Collin, S. Grad, D.I. Zeugolis, C.S. Vinatier, J.R. Clouet, J.J. Guicheux,
P. Weiss, M. Alini, A.S. Pandit, An injectable vehicle for nucleus pulposus cell-
based therapy, Biomaterials 32 (2011) 2862–2870, https://doi.org/10.1016/
j.biomaterials.2011.01.018.

[131] D.T. Cheung, M.E. Nimni, Mechanism of crosslinking of proteins by
glutaraldehyde II. Reaction with monomeric and polymeric collagen, Connect.
Tissue Res. 10 (1982) 201–216, https://doi.org/10.3109/03008208209034419.

[132] M.J. Karnovsky, A formaldehyde-glutaraldehyde fixative of high osmolality for use
in electron microscopy, J. Cell Biol. 27 (1964) 137–138A.

[133] K. Weadock, R.M. Olson, F.H. Silver, Evaluation of collagen crosslinking
techniques, Biomater. Med. Devices Artif. Organs 11 (1983) 293–318, https://
doi.org/10.3109/10731198309118815.

[134] A. Pandit, R. Ashar, D. Feldman, The effect of TGF-beta delivered through a
collagen scaffold on wound healing, J. Invest. Surg. 12 (1999) 89–100, https://
doi.org/10.1080/089419399272647.

[135] A. Rajaram, C.C. Chu, Glutaraldehyde in collagen gel formation, J. Biomater. Sci.
Polym. Ed. 1 (1989) 167–172, https://doi.org/10.1163/156856290X00026.

[136] M.J.A. van Luyn, P.B. van Wachem, L. Olde Damink, P.J. Dijkstra, J. Feijen,
P. Nieuwenhuis, Relations between in vitro cytotoxicity and crosslinked dermal
sheep collagens, J. Biomed. Mater. Res. 26 (1992) 1091–1110, https://doi.org/
10.1002/jbm.820260810.

[137] L.H.H. Olde Damink, P.J. Dijkstra, M.J.A. Van Luyn, P.B. Van Wachem,
P. Nieuwenhuis, J. Feijen, Crosslinking of dermal sheep collagen using
hexamethylene diisocyanate, J. Mater. Sci. Mater. Med. 6 (1995) 429–434,
https://doi.org/10.1007/BF00120286.

[138] E.K. Tsekoura, A.L. Helling, J.G. Wall, Y. Bayon, D.I. Zeugolis, Battling bacterial
infection with hexamethylene diisocyanate cross-linked and Cefaclor-loaded
collagen scaffolds, Biomed. Mater. 12 (2017), 035013, https://doi.org/10.1088/
1748-605X/AA6DE0.

[139] L.M. Delgado, K. Fuller, D.I. Zeugolis, Collagen cross-linking: biophysical,
biochemical, and biological response analysis, Tissue Eng. A 23 (2017)
1064–1077, https://doi.org/10.1089/ten.TEA.2016.0415.

[140] H. Yin, Z. Yan, R.J. Bauer, J. Peng, M. Schieker, M. Nerlich, D. Docheva,
Functionalized thermosensitive hydrogel combined with tendon stem/progenitor
cells as injectable cell delivery carrier for tendon tissue engineering, Biomed.
Mater. 13 (2018), 034107, https://doi.org/10.1088/1748-605X/AAADD1.

[141] L.A. Hapach, J.A. VanderBurgh, J.P. Miller, C.A. Reinhart-King, Manipulation of in
vitro collagen matrix architecture for scaffolds of improved physiological
relevance, Phys. Biol. 12 (2015), 061002, https://doi.org/10.1088/1478-3975/
12/6/061002.

[142] T.S. Pierce, Crosslinking Technical Handbook, 2009.
[143] D.V. Bax, N. Davidenko, D. Gullberg, S.W. Hamaia, R.W. Farndale, S.M. Best,

R.E. Cameron, Fundamental insight into the effect of carbodiimide crosslinking on
cellular recognition of collagen-based scaffolds, Acta Biomater. 49 (2017)
218–234, https://doi.org/10.1016/j.actbio.2016.11.059.

[144] L.M. Delgado, Y. Bayon, A. Pandit, D.I. Zeugolis, To cross-link or not to cross-link?
Cross-linking associated foreign body response of collagen-based devices, Tissue
Eng. B Rev. 21 (2015) 298–313, https://doi.org/10.1089/ten.TEB.2014.0290.

[145] S. Vogel, F. Ullm, C. Damaris Müller, T. Pompe, U. Hempel, Remodeling of three-
dimensional collagen I matrices by human bone marrow stromal cells during
osteogenic differentiation in vitro, ACS Appl. Biol. Mater. 3 (2020) 6967–6978,
https://doi.org/10.1021/acsabm.0c00856.

[146] S.-N. Park, H.-J. Lee, K.-H. Lee, H. Suh, Biological characterization of EDC-
crosslinked collagen-hyaluronic acid matrix in dermal tissue restoration,
Biomaterials 24 (2003) 1631–1641, https://doi.org/10.1016/s0142-9612(02)
00550-1.

[147] J.W. Kuo, D.A. Swann, G.D. Prestwich, Chemical modification of hyaluronic acid
by carbodiimides, Bioconjugate Chem. 2 (1991) 232–241, https://doi.org/
10.1021/bc00010a007.

[148] J. Zhu, Bioactive modification of poly(ethylene glycol) hydrogels for tissue
engineering, Biomaterials 31 (2010) 4639–4656, https://doi.org/10.1016/
j.biomaterials.2010.02.044.

[149] N.A. Peppas, K.B. Keys, T.-L. Madeline, A.M. Lowman, M. Torres-Lugo,
A.M. Lowman, Poly(ethylene glycol)-containing hydrogels in drug delivery,
J. Contr. Release 62 (1999) 81–87, https://doi.org/10.1016/S0168-3659(99)
00027-9.

[150] E.W. Merrill, Poly(ethylene oxide) star molecules: {Synthesis}, characterization,
and applications in medicine and biology, J. Biomater. Sci. Polym. Ed. 5 (1994)
1–11, https://doi.org/10.1163/156856294X00617.

[151] T.D. Sargeant, A.P. Desai, S. Banerjee, A. Agawu, J.B. Stopek, An in situ forming
collagen–PEG hydrogel for tissue regeneration, Acta Biomater. 8 (2012) 124–132,
https://doi.org/10.1016/j.actbio.2011.07.028.

[152] R. Roy, A. Boskey, L.J. Bonassar, Processing of type I collagen gels using non-
enzymatic glycation, J. Biomed. Mater. Res. A 93 (2010) 843–851, https://
doi.org/10.1002/jbm.a.32231.

[153] M.E. Francis-Sedlak, S. Uriel, J.C. Larson, H.P. Greisler, D.C. Venerus, E.M. Brey,
Characterization of type I collagen gels modified by glycation, Biomaterials 30
(2009) 1851–1856, https://doi.org/10.1016/j.biomaterials.2008.12.014.
20
[154] N.C. Avery, A.J. Bailey, Enzymic and non-enzymic cross-linking mechanisms in
relation to turnover of collagen: relevance to aging and exercise, Scand. J. Med.
Sci. Sports 15 (2005) 231–240, https://doi.org/10.1111/j.1600-
0838.2005.00464.x.

[155] E.W. Howard, R. Benton, J. Ahern-Moore, J.J. Tomasek, Cellular contraction of
collagen lattices is inhibited by nonenzymatic glycation, Exp. Cell Res. 228 (1996)
132–137, https://doi.org/10.1006/excr.1996.0308.

[156] T.S. Girton, T.R. Oegema, R.T. Tranquillo, Exploiting glycation to stiffen and
strengthen tissue equivalents for tissue engineering, J. Biomed. Mater. Res. 46
(1999) 87–92, https://doi.org/10.1002/(SICI)1097-4636(199907)46:1<87::AID-
JBM10>3.0.CO;2-K.

[157] B.N. Mason, A. Starchenko, R.M. Williams, L.J. Bonassar, C.A. Reinhart-King,
Tuning three-dimensional collagen matrix stiffness independently of collagen
concentration modulates endothelial cell behavior, Acta Biomater. 9 (2013)
4635–4644, https://doi.org/10.1016/j.actbio.2012.08.007.

[158] K.R. Levental, H. Yu, L. Kass, J.N. Lakins, M. Egeblad, J.T. Erler, S.F.T. Fong,
K. Csiszar, A. Giaccia, W. Weninger, M. Yamauchi, D.L. Gasser, V.M. Weaver,
Matrix crosslinking forces tumor progression by enhancing integrin signaling, Cell
139 (2009) 891–906, https://doi.org/10.1016/j.cell.2009.10.027.

[159] J. DeGroot, N. Verzijl, K.M.G. Jacobs, M. Budde, R.A. Bank, J.W.J. Bijlsma,
J.M. TeKoppele, F.P.J.G. Lafeber, Accumulation of advanced glycation
endproducts reduces chondrocyte-mediated extracellular matrix turnover in
human articular cartilage, Osteoarthritis Cartilage 9 (2001) 720–726, https://
doi.org/10.1053/joca.2001.0469.

[160] Y. Chang, C.-C. Tsai, H.-C. Liang, H.-W. Sung, In vivo evaluation of cellular and
acellular bovine pericardia fixed with a naturally occurring crosslinking agent
(genipin), Biomaterials 23 (2002) 2447–2457, https://doi.org/10.1016/s0142-
9612(01)00379-9.

[161] D. Macaya, K.K. Ng, M. Spector, Injectable collagen–genipin gel for the treatment
of spinal cord injury: in vitro studies, Adv. Funct. Mater. 21 (2011) 4788–4797,
https://doi.org/10.1002/adfm.201101720.

[162] H.G. Sundararaghavan, G.A. Monteiro, N.A. Lapin, Y.J. Chabal, J.R. Miksan,
D.I. Shreiber, Genipin-induced changes in collagen gels: correlation of mechanical
properties to fluorescence, J. Biomed. Mater. Res. A 87 (2008) 308–320, https://
doi.org/10.1002/jbm.a.31715.

[163] L. He, C. Mu, J. Shi, Q. Zhang, B. Shi, W. Lin, Modification of collagen with a
natural cross-linker, procyanidin, Int. J. Biol. Macromol. 48 (2011) 354–359,
https://doi.org/10.1016/j.ijbiomac.2010.12.012.

[164] A.P.M. Antunes, G.E. Attenburrow, A.D. Covington, J. Ding, P. Antunes,
G.E. Attenburrow, A.D. Covington, J. Ding, Utilisation of oleuropein as
crosslinking agent in collagenic films, in: Int. Union Leather Technol. Chem. Soc.
Eurocongress II, 2006.

[165] H.W. Sung, R.N. Huang, L.L. Huang, C.C. Tsai, C.T. Chiu, Feasibility study of a
natural crosslinking reagent for biological tissue fixation, J. Biomed. Mater. Res.
42 (1998) 560–567, https://doi.org/10.1002/(sici)1097-4636(19981215)42:
4<560::aid-jbm12>3.0.co;2-i.

[166] M.F. Butler, Y.Y.-F. Ng, P.D.A. Pudney, Mechanism and kinetics of the crosslinking
reaction between biopolymers containing primary amine groups and genipin,
J. Polym. Sci. Part A Polym. Chem. 41 (2003) 3941–3953, https://doi.org/
10.1002/pola.10960.

[167] K. Výborný, J. Vallov�a, Z. Ko�cí, K. Kekulov�a, K. Jir�akov�a, P. Jendelov�a, J. Hodan,
�S. Kubinov�a, Genipin and EDC crosslinking of extracellular matrix hydrogel
derived from human umbilical cord for neural tissue repair, Sci. Rep. 9 (2019)
10674, https://doi.org/10.1038/s41598-019-47059-x.

[168] M. Griffin, R. Casadio, C.M. Bergamini, Transglutaminases: nature's biological
glues, Biochem. J. 368 (2002) 377–396, https://doi.org/10.1042/BJ20021234.

[169] R.J. Collighan, M. Griffin, Transglutaminase 2 cross-linking of matrix proteins:
biological significance and medical applications, Amino Acids 36 (2009) 659–670,
https://doi.org/10.1007/s00726-008-0190-y.

[170] P.F. Lee, Y. Bai, R.L. Smith, K.J. Bayless, A.T. Yeh, Angiogenic responses are
enhanced in mechanically and microscopically characterized, microbial
transglutaminase crosslinked collagen matrices with increased stiffness, Acta
Biomater. 9 (2013) 7178–7190, https://doi.org/10.1016/j.actbio.2013.04.001.

[171] J.Y. Fang, S.-J. Tan, Z. Yang, C. Tayag, B. Han, Tumor bioengineering using a
transglutaminase crosslinked hydrogel, PloS One 9 (2014), e105616, https://
doi.org/10.1371/journal.pone.0105616.

[172] A. Herchenhan, F. Uhlenbrock, P. Eliasson, M. Weis, D. Eyre, K.E. Kadler,
S.P. Magnusson, M. Kjaer, Lysyl oxidase activity is required for ordered collagen
fibrillogenesis by tendon cells, J. Biol. Chem. 290 (2015) 16440–16450, https://
doi.org/10.1074/jbc.M115.641670.

[173] D.O. Sohutskay, T.J. Puls, S.L. Voytik-Harbin, Collagen self-assembly: biophysics
and biosignaling for advanced tissue generation, in: Multi-Scale Extracell. Matrix
Mech. Mechanobiol., Springer International Publishing, Cham, 2020,
pp. 203–245, https://doi.org/10.1007/978-3-030-20182-1_7.

[174] E. Volkmer, U. Leicht, M. Moritz, C. Schwarz, H. Wiese, S. Milz, P. Matthias,
W. Schloegl, W. Friess, M. Goettlinger, P. Augat, M. Schieker, Poloxamer-based
hydrogels hardening at body core temperature as carriers for cell based therapies:
in vitro and in vivo analysis, J. Mater. Sci. Mater. Med. 24 (2013) 2223–2234,
https://doi.org/10.1007/s10856-013-4966-6.

[175] E.Y. Egawa, K. Kato, M. Hiraoka, T. Nakaji-Hirabayashi, H. Iwata, Enhanced
proliferation of neural stem cells in a collagen hydrogel incorporating engineered
epidermal growth factor, Biomaterials 32 (2011) 4737–4743, https://doi.org/
10.1016/j.biomaterials.2011.03.033.

[176] Y. Tabata, The importance of drug delivery systems in tissue engineering,
Pharmaceut. Sci. Technol. Today 3 (2000) 80–89, https://doi.org/10.1016/
S1461-5347(00)00242-X.

https://doi.org/10.1016/j.biomaterials.2004.04.029
https://doi.org/10.1016/j.actbio.2010.05.002
https://doi.org/10.1016/j.actbio.2010.05.002
https://doi.org/10.1016/j.biomaterials.2011.01.018
https://doi.org/10.1016/j.biomaterials.2011.01.018
https://doi.org/10.3109/03008208209034419
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref132
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref132
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref132
https://doi.org/10.3109/10731198309118815
https://doi.org/10.3109/10731198309118815
https://doi.org/10.1080/089419399272647
https://doi.org/10.1080/089419399272647
https://doi.org/10.1163/156856290X00026
https://doi.org/10.1002/jbm.820260810
https://doi.org/10.1002/jbm.820260810
https://doi.org/10.1007/BF00120286
https://doi.org/10.1088/1748-605X/AA6DE0
https://doi.org/10.1088/1748-605X/AA6DE0
https://doi.org/10.1089/ten.TEA.2016.0415
https://doi.org/10.1088/1748-605X/AAADD1
https://doi.org/10.1088/1478-3975/12/6/061002
https://doi.org/10.1088/1478-3975/12/6/061002
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref142
https://doi.org/10.1016/j.actbio.2016.11.059
https://doi.org/10.1089/ten.TEB.2014.0290
https://doi.org/10.1021/acsabm.0c00856
https://doi.org/10.1016/s0142-9612(02)00550-1
https://doi.org/10.1016/s0142-9612(02)00550-1
https://doi.org/10.1021/bc00010a007
https://doi.org/10.1021/bc00010a007
https://doi.org/10.1016/j.biomaterials.2010.02.044
https://doi.org/10.1016/j.biomaterials.2010.02.044
https://doi.org/10.1016/S0168-3659(99)00027-9
https://doi.org/10.1016/S0168-3659(99)00027-9
https://doi.org/10.1163/156856294X00617
https://doi.org/10.1016/j.actbio.2011.07.028
https://doi.org/10.1002/jbm.a.32231
https://doi.org/10.1002/jbm.a.32231
https://doi.org/10.1016/j.biomaterials.2008.12.014
https://doi.org/10.1111/j.1600-0838.2005.00464.x
https://doi.org/10.1111/j.1600-0838.2005.00464.x
https://doi.org/10.1006/excr.1996.0308
https://doi.org/10.1002/(SICI)1097-4636(199907)46:1<87::AID-JBM10>3.0.CO;2-K
https://doi.org/10.1002/(SICI)1097-4636(199907)46:1<87::AID-JBM10>3.0.CO;2-K
https://doi.org/10.1002/(SICI)1097-4636(199907)46:1<87::AID-JBM10>3.0.CO;2-K
https://doi.org/10.1002/(SICI)1097-4636(199907)46:1<87::AID-JBM10>3.0.CO;2-K
https://doi.org/10.1016/j.actbio.2012.08.007
https://doi.org/10.1016/j.cell.2009.10.027
https://doi.org/10.1053/joca.2001.0469
https://doi.org/10.1053/joca.2001.0469
https://doi.org/10.1016/s0142-9612(01)00379-9
https://doi.org/10.1016/s0142-9612(01)00379-9
https://doi.org/10.1002/adfm.201101720
https://doi.org/10.1002/jbm.a.31715
https://doi.org/10.1002/jbm.a.31715
https://doi.org/10.1016/j.ijbiomac.2010.12.012
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref164
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref164
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref164
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref164
https://doi.org/10.1002/(sici)1097-4636(19981215)42:4<560::aid-jbm12>3.0.co;2-i
https://doi.org/10.1002/(sici)1097-4636(19981215)42:4<560::aid-jbm12>3.0.co;2-i
https://doi.org/10.1002/(sici)1097-4636(19981215)42:4<560::aid-jbm12>3.0.co;2-i
https://doi.org/10.1002/(sici)1097-4636(19981215)42:4<560::aid-jbm12>3.0.co;2-i
https://doi.org/10.1002/pola.10960
https://doi.org/10.1002/pola.10960
https://doi.org/10.1038/s41598-019-47059-x
https://doi.org/10.1042/BJ20021234
https://doi.org/10.1007/s00726-008-0190-y
https://doi.org/10.1016/j.actbio.2013.04.001
https://doi.org/10.1371/journal.pone.0105616
https://doi.org/10.1371/journal.pone.0105616
https://doi.org/10.1074/jbc.M115.641670
https://doi.org/10.1074/jbc.M115.641670
https://doi.org/10.1007/978-3-030-20182-1_7
https://doi.org/10.1007/s10856-013-4966-6
https://doi.org/10.1016/j.biomaterials.2011.03.033
https://doi.org/10.1016/j.biomaterials.2011.03.033
https://doi.org/10.1016/S1461-5347(00)00242-X
https://doi.org/10.1016/S1461-5347(00)00242-X


S.O. Sarrigiannidis et al. Materials Today Bio 10 (2021) 100098
[177] A. Kanematsu, S. Yamamoto, M. Ozeki, T. Noguchi, I. Kanatani, O. Ogawa,
Y. Tabata, Collagenous matrices as release carriers of exogenous growth factors,
Biomaterials 25 (2004) 4513–4520, https://doi.org/10.1016/
j.biomaterials.2003.11.035.

[178] A. Kanematsu, A. Marui, S. Yamamoto, M. Ozeki, Y. Hirano, M. Yamamoto,
O. Ogawa, M. Komeda, Y. Tabata, Type I collagen can function as a reservoir of
basic fibroblast growth factor, J. Contr. Release 99 (2004) 281–292, https://
doi.org/10.1016/j.jconrel.2004.07.008.

[179] R. Morin, D. Kaplan, B. Perez-Ramirez, Bone morphogenetic protein-2 binds as
multilayers to A collagen delivery matrix: an equilibrium thermodynamic analysis,
Biomacromolecules 7 (2006) 131–138, https://doi.org/10.1021/bm050461i.

[180] R.K. Singh, D. Seliktar, A.J. Putnam, Capillary morphogenesis in PEG-collagen
hydrogels, Biomaterials 34 (2013) 9331–9340, https://doi.org/10.1016/
j.biomaterials.2013.08.016.

[181] C.C. Lin, A.T. Metters, Hydrogels in controlled release formulations: network
design and mathematical modeling, Adv. Drug Deliv. Rev. 58 (2006) 1379–1408,
https://doi.org/10.1016/j.addr.2006.09.004.

[182] H.S. Yang, W.G. La, J. Park, C.S. Kim, G. Il Im, B.S. Kim, Efficient bone
regeneration induced by bone morphogenetic protein-2 released from apatite-
coated collagen scaffolds, J. Biomater. Sci. Polym. Ed. 23 (2012) 1659–1671,
https://doi.org/10.1163/092050611X589419.

[183] S.R. Lustig, N.A. Peppas, Solute diffusion in swollen membranes. IX. Scaling laws
for solute diffusion in gels, J. Appl. Polym. Sci. 36 (1988) 735–747, https://
doi.org/10.1002/app.1988.070360401.

[184] P. Colombo, Swelling-controlled release in hydrogel matrices for oral route, Adv.
Drug Deliv. Rev. 11 (1993) 37–57, https://doi.org/10.1016/0169-409X(93)
90026-Z.

[185] J. Siepmann, N.A. Peppas, Modeling of drug release from delivery systems based
on hydroxypropyl methylcellulose (HPMC), Adv. Drug Deliv. Rev. 48 (2001)
139–157, https://doi.org/10.1016/S0169-409X(01)00112-0.

[186] J. Li, D.J. Mooney, Designing hydrogels for controlled drug delivery, Nat. Rev.
Mater. 1 (2016) 119–122, https://doi.org/10.1097/IOP.0b013e31819ac7c5.

[187] Y. Dai, C. Zhang, Z. Cheng, P. Ma, C. Li, X. Kang, D. Yang, J. Lin, pH-responsive
drug delivery system based on luminescent CaF-(2):Ce(3þ)/Tb(3þ)-poly(acrylic
acid) hybrid microspheres, Biomaterials 33 (2012) 2583–2592, https://doi.org/
10.1016/j.biomaterials.2011.12.014.

[188] A. Pourjavadi, M. Kurdtabar, H. Ghasemzadeh, Salt- and pH-resisting collagen-
based highly porous hydrogel, Polym. J. 40 (2008) 94–103, https://doi.org/
10.1295/polymj.PJ2007042.

[189] B. Yan, J.C. Boyer, D. Habault, N.R. Branda, Y. Zhao, Near infrared light triggered
release of biomacromolecules from hydrogels loaded with upconversion
nanoparticles, J. Am. Chem. Soc. 134 (2012) 16558–16561, https://doi.org/
10.1021/ja308876j.

[190] J. Tang, J. Chen, J. Guo, Q. Wei, H. Fan, Construction and evaluation of fibrillar
composite hydrogel of collagen/konjac glucomannan for potential biomedical
applications, Regen. Biomater. 5 (2018) 239–250, https://doi.org/10.1093/rb/
rby018.

[191] H.B. Hopfenberg, Controlled release from erodible slabs, cylinders, and spheres,
in: Control. Release Polym. Formul., ACS Symposium Series, 1976, pp. 26–32,
https://doi.org/10.1021/bk-1976-0033.ch003.

[192] I. Katzhendler, A. Hoffman, A. Goldberger, M. Friedman, Modeling of drug release
from erodible tablets, J. Pharmaceut. Sci. 86 (1997) 110–115, https://doi.org/
10.1021/js9600538.

[193] Y.H. Shen, M.S. Shoichet, M. Radisic, Vascular endothelial growth factor
immobilized in collagen scaffold promotes penetration and proliferation of
endothelial cells, Acta Biomater. 4 (2008) 477–489, https://doi.org/10.1016/
j.actbio.2007.12.011.

[194] H. Lee, T.G. Park, Preparation and characterization of mono-PEGylated epidermal
growth factor: evaluation of in vitro biologic activity, Pharm. Res. (N. Y.) 19
(2002) 845–851, https://doi.org/10.1023/A:1016113117851.

[195] G.M. Fernandes-Cunha, H.J. Lee, A. Kumar, A. Kreymerman, S. Heilshorn,
D. Myung, Immobilization of growth factors to collagen surfaces using pulsed
visible light, Biomacromolecules 18 (2017) 3185–3196, https://doi.org/10.1021/
acs.biomac.7b00838.

[196] A. G€opferich, R. Langer, Modeling monomer release from bioerodible polymers,
J. Contr. Release 33 (1995) 55–69, https://doi.org/10.1016/0168-3659(94)
00064-2.

[197] W.D. Yang, R.R. Gomes, M. Alicknavitch, M.C. Farach-Carson, D.D. Carson,
Perlecan domain I promotes fibroblast growth factor 2 delivery in collagen I fibril
scaffolds, Tissue Eng. 11 (2005) 76–89, https://doi.org/10.1089/ten.2005.11.76.

[198] S. Th€ones, S. Rother, T. Wippold, J. Blaszkiewicz, K. Balamurugan, S. Moeller,
G. Ruiz-G�omez, M. Schnabelrauch, D. Scharnweber, A. Saalbach, J. Rademann,
M.T. Pisabarro, V. Hintze, U. Anderegg, Hyaluronan/collagen hydrogels
containing sulfated hyaluronan improve wound healing by sustained release of
heparin-binding EGF-like growth factor, Acta Biomater. 86 (2019) 135–147,
https://doi.org/10.1016/j.actbio.2019.01.029.

[199] M.J.B. Wissink, R. Beernink, J.S. Pieper, A.A. Poot, G.H.M. Engbers, T. Beugeling,
W.G. Van Aken, J. Feijen, Binding and release of basic fibroblast growth factor
from heparinized collagen matrices, Biomaterials 22 (2001) 2291–2299.

[200] T. Ishikawa, M. Eguchi, M. Wada, Y. Iwami, K. Tono, H. Iwaguro, H. Masuda,
T. Tamaki, T. Asahara, Establishment of a functionally active collagen-binding
vascular endothelial growth factor fusion protein in situ, Arterioscler. Thromb.
Vasc. Biol. 26 (2006) 1998–2004, https://doi.org/10.1161/
01.ATV.0000233359.74484.77.

[201] D. Mumcuoglu, S. Fahmy-Garcia, Y. Ridwan, J. Nickel, E. Farrell,
S.G.J.M. Kluijtmans, G.J.V.M. van Osch, J. Nicke, E. Farrell, S.G.J.M. Kluijtmans,
21
G.J.V.M. van Osch, Injectable BMP-2 delivery system based on collagen-derived
microspheres and alginate induced bone formation in a time- and dose-dependent
manner, Eur. Cell. Mater. 35 (2018) 242–254, https://doi.org/10.22203/
eCM.v035a17.

[202] S. Fahmy-Garcia, D. Mumcuoglu, L. de Miguel, V. Dieleman, J. Witte-Bouma,
B.C.J. van der Eerden, M. van Driel, D. Eglin, J.A.N. Verhaar, S.G.J.M. Kluijtmans,
G.J.V.M. van Osch, E. Farrell, S. Fahmy-Garcia, D. Mumcuoglu, L. de Miguel,
V. Dieleman, J. Witte-Bouma, B.C.J. van der Eerden, M. van Driel, D. Eglin,
J.A.N. Verhaar, S.G.J.M. Kluijtmans, G.J.V.M. van Osch, E. Farrell, Novel in situ
gelling hydrogels loaded with recombinant collagen peptide microspheres as a
slow-release system induce ectopic bone formation, Adv. Heal. Mater. 7 (2018),
e1800507, https://doi.org/10.1002/adhm.201800507.

[203] N. Nagai, N. Kumasaka, T. Kawashima, H. Kaji, M. Nishizawa, T. Abe, Preparation
and characterization of collagen microspheres for sustained release of VEGF,
J. Mater. Sci. Mater. Med. 21 (2010) 1891–1898, https://doi.org/10.1007/
s10856-010-4054-0.

[204] N. Bock, A. Riminucci, C. Dionigi, A. Russo, A. Tampieri, E. Landi, V.A. Goranov,
M. Marcacci, V. Dediu, A novel route in bone tissue engineering: magnetic
biomimetic scaffolds, Acta Biomater. 6 (2010) 786–796, https://doi.org/10.1016/
j.actbio.2009.09.017.

[205] A. Stejskalov�a, N. Oliva, F.J. England, B.D. Almquist, Biologically inspired, cell-
selective release of aptamer-trapped growth factors by traction forces, Adv. Mater.
31 (2019) 1806380, https://doi.org/10.1002/adma.201806380.

[206] M. Martino, J.A. Hubbell, The 12th – 14th type III repeats of fibronectin function
as a highly promiscuous growth factor-binding, FASEB J. 24 (2010) 4711–4721,
https://doi.org/10.1096/fj.09-151282.

[207] J.T. Gallagher, Heparan sulfate: growth control with a restricted sequence menu,
J. Clin. Invest. 108 (2001) 357–361.

[208] V. Llopis-Hern�andez, M. Cantini, C. Gonz�alez-García, Z.A. Cheng, J. Yang,
P.M. Tsimbouri, A.J. García, M.J. Dalby, M. Salmer�on-S�anchez, Material-driven
fibronectin assembly for high-efficiency presentation of growth factors, Sci. Adv. 2
(2016) 1–11, https://doi.org/10.1126/sciadv.1600188.

[209] J.R. Bishop, M. Schuksz, J.D. Esko, Heparan sulphate proteoglycans fine-tune
mammalian physiology, Nature 446 (2007) 1030–1037, https://doi.org/10.1038/
nature05817.

[210] C.I. Gama, S.E. Tully, N. Sotogaku, P.M. Clark, M. Rawat, N. Vaidehi,
W.A. Goddard, A. Nishi, L.C. Hsieh-Wilson, Sulfation patterns of
glycosaminoglycans encode molecular recognition and activity, Nat. Chem. Biol. 2
(2006) 467–473, https://doi.org/10.1038/nchembio810.

[211] P.A. Parmar, S.C. Skaalure, L.W. Chow, J.P. St-Pierre, V. Stoichevska, Y.Y. Peng,
J.A. Werkmeister, J.A.M. Ramshaw, M.M. Stevens, Temporally degradable
collagen-mimetic hydrogels tuned to chondrogenesis of human mesenchymal stem
cells, Biomaterials 99 (2016) 56–71, https://doi.org/10.1016/
j.biomaterials.2016.05.011.

[212] Y. Guan, Y. Zhang, PNIPAM microgels for biomedical applications: from dispersed
particles to 3D assemblies, Soft Matter 7 (2011) 6375–6384, https://doi.org/
10.1039/c0sm01541e.

[213] Definitions of terms relating to the structure and processing of sols, gels, networks,
and inorganic-organic hybrid materials (IUPAC Recommendations 2007), Pure
Appl. Chem. 79 (10) (2007). https://www.degruyter.com/view/journals/pac/
79/10/article-p1801.xml. (Accessed 15 May 2020).

[214] M.H. Shewan, J.R. Stokes, Review of techniques to manufacture micro-hydrogel
particles for the food industry and their applications, J. Food Eng. 119 (2013)
781–792, https://doi.org/10.1016/j.jfoodeng.2013.06.046.

[215] L. Gasperini, J.F. Mano, R.L. Reis, Natural polymers for the microencapsulation of
cells, J. R. Soc. Interface 11 (2014) 20140817, https://doi.org/10.1098/
rsif.2014.0817.

[216] N.W. Smit, J.N. ten Sande, M. Parvizi, S.C.M. van Amersfoorth, J.A. Plantinga,
C.A.F.M. van Spreuwel-Goossens, E.M.W.M. van Dongen, P.F.H.M. van Dessel,
S.G.J.M. Kluijtmans, V.M.F. Meijborg, J.M.T. de Bakker, M.C. Harmsen,
R. Coronel, Recombinant human collagen-based microspheres mitigate cardiac
conduction slowing induced by adipose tissue-derived stromal cells, PloS One 12
(2017), e0183481, https://doi.org/10.1371/journal.pone.0183481.

[217] B.P. Chan, T.Y. Hui, M.Y. Wong, K.H.K. Yip, G.C.F. Chan, Mesenchymal stem cell-
encapsulated collagen microspheres for bone tissue engineering, Tissue Eng. C
Methods 16 (2010) 225–235, https://doi.org/10.1089/ten.tec.2008.0709.

[218] T. Dilip, M. Grazia, T. Arun, L. Bartlomiej, T. Kerry, D. Peter, R. Brian, M.-
D. Martina, O. Timothy, P. Abhay, A shape-controlled tunable microgel cell
delivery platform for low-dose delivery of primed stem cells for in vivo therapeutic
neovascularization, in: Front. Bioeng. Biotechnol. 10th World Biomater. Congr.,
Frontiers Media SA, 2016, https://doi.org/10.3389/conf.fbioe.2016.01.00756.

[219] G.T. Vladisavljevi�c, I. Kobayashi, M. Nakajima, Production of uniform droplets
using membrane, microchannel and microfluidic emulsification devices,
Microfluid. Nanofluidics 13 (2012) 151–178, https://doi.org/10.1007/s10404-
012-0948-0.

[220] M.-E. Brett, A.L. Crampton, D.K. Wood, Rapid generation of collagen-based
microtissues to study cell–matrix interactions, in: Technology, World Scientific
Pub Co Pte Lt, 2016, pp. 80–87, https://doi.org/10.1142/S2339547816400094.

[221] X. Zhao, S. Liu, L. Yildirimer, H. Zhao, R. Ding, H. Wang, W. Cui, D. Weitz,
Injectable stem cell-laden photocrosslinkable microspheres fabricated using
microfluidics for rapid generation of osteogenic tissue constructs, Adv. Funct.
Mater. 26 (2016) 2809–2819, https://doi.org/10.1002/adfm.201504943.

[222] W. Jiang, M. Li, Z. Chen, K.W. Leong, Cell-laden microfluidic microgels for tissue
regeneration, Lab Chip 16 (2016) 4482–4506, https://doi.org/10.1039/
c6lc01193d.

https://doi.org/10.1016/j.biomaterials.2003.11.035
https://doi.org/10.1016/j.biomaterials.2003.11.035
https://doi.org/10.1016/j.jconrel.2004.07.008
https://doi.org/10.1016/j.jconrel.2004.07.008
https://doi.org/10.1021/bm050461i
https://doi.org/10.1016/j.biomaterials.2013.08.016
https://doi.org/10.1016/j.biomaterials.2013.08.016
https://doi.org/10.1016/j.addr.2006.09.004
https://doi.org/10.1163/092050611X589419
https://doi.org/10.1002/app.1988.070360401
https://doi.org/10.1002/app.1988.070360401
https://doi.org/10.1016/0169-409X(93)90026-Z
https://doi.org/10.1016/0169-409X(93)90026-Z
https://doi.org/10.1016/S0169-409X(01)00112-0
https://doi.org/10.1097/IOP.0b013e31819ac7c5
https://doi.org/10.1016/j.biomaterials.2011.12.014
https://doi.org/10.1016/j.biomaterials.2011.12.014
https://doi.org/10.1295/polymj.PJ2007042
https://doi.org/10.1295/polymj.PJ2007042
https://doi.org/10.1021/ja308876j
https://doi.org/10.1021/ja308876j
https://doi.org/10.1093/rb/rby018
https://doi.org/10.1093/rb/rby018
https://doi.org/10.1021/bk-1976-0033.ch003
https://doi.org/10.1021/js9600538
https://doi.org/10.1021/js9600538
https://doi.org/10.1016/j.actbio.2007.12.011
https://doi.org/10.1016/j.actbio.2007.12.011
https://doi.org/10.1023/A:1016113117851
https://doi.org/10.1021/acs.biomac.7b00838
https://doi.org/10.1021/acs.biomac.7b00838
https://doi.org/10.1016/0168-3659(94)00064-2
https://doi.org/10.1016/0168-3659(94)00064-2
https://doi.org/10.1089/ten.2005.11.76
https://doi.org/10.1016/j.actbio.2019.01.029
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref199
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref199
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref199
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref199
https://doi.org/10.1161/01.ATV.0000233359.74484.77
https://doi.org/10.1161/01.ATV.0000233359.74484.77
https://doi.org/10.22203/eCM.v035a17
https://doi.org/10.22203/eCM.v035a17
https://doi.org/10.1002/adhm.201800507
https://doi.org/10.1007/s10856-010-4054-0
https://doi.org/10.1007/s10856-010-4054-0
https://doi.org/10.1016/j.actbio.2009.09.017
https://doi.org/10.1016/j.actbio.2009.09.017
https://doi.org/10.1002/adma.201806380
https://doi.org/10.1096/fj.09-151282
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref207
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref207
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref207
https://doi.org/10.1126/sciadv.1600188
https://doi.org/10.1038/nature05817
https://doi.org/10.1038/nature05817
https://doi.org/10.1038/nchembio810
https://doi.org/10.1016/j.biomaterials.2016.05.011
https://doi.org/10.1016/j.biomaterials.2016.05.011
https://doi.org/10.1039/c0sm01541e
https://doi.org/10.1039/c0sm01541e
https://www.degruyter.com/view/journals/pac/79/10/article-p1801.xml
https://www.degruyter.com/view/journals/pac/79/10/article-p1801.xml
https://doi.org/10.1016/j.jfoodeng.2013.06.046
https://doi.org/10.1098/rsif.2014.0817
https://doi.org/10.1098/rsif.2014.0817
https://doi.org/10.1371/journal.pone.0183481
https://doi.org/10.1089/ten.tec.2008.0709
https://doi.org/10.3389/conf.fbioe.2016.01.00756
https://doi.org/10.1007/s10404-012-0948-0
https://doi.org/10.1007/s10404-012-0948-0
https://doi.org/10.1142/S2339547816400094
https://doi.org/10.1002/adfm.201504943
https://doi.org/10.1039/c6lc01193d
https://doi.org/10.1039/c6lc01193d


S.O. Sarrigiannidis et al. Materials Today Bio 10 (2021) 100098
[223] B. Geun Chung, K.-H. Lee, A. Khademhosseini, S.-H. Lee, Microfluidic fabrication
of microengineered hydrogels and their application in tissue engineering, Lab Chip
12 (2012) 45–59, https://doi.org/10.1039/C1LC20859D.

[224] S. Jaligama, N. Po-Jung Huang, J. Kameoka, Novel 3D coaxial flow-focusing
nozzle device for the production of monodispersed collagen microspheres, in: Conf
Proc IEEE Eng Med Biol Soc. 2016, 2016, pp. 4220–4223, https://doi.org/
10.1109/EMBC.2016.7591658.

[225] C. Moraes, A.B. Simon, A.J. Putnam, S. Takayama, Aqueous two-phase printing of
cell-containing contractile collagen microgels, Biomaterials 34 (2013) 9623–9631,
https://doi.org/10.1016/j.biomaterials.2013.08.046.

[226] M. Parvizi, J.A. Plantinga, C.A.F.M. van Speuwel-Goossens, E.M.W.M. van Dongen,
S.G.J.M. Kluijtmans, M.C. Harmsen, Development of recombinant collagen-
peptide-based vehicles for delivery of adipose-derived stromal cells, J. Biomed.
Mater. Res. A 104 (2016) 503–516, https://doi.org/10.1002/jbm.a.35588.

[227] M.E. Wechsler, R.E. Stephenson, A.C. Murphy, H.F. Oldenkamp, A. Singh,
N.A. Peppas, Engineered microscale hydrogels for drug delivery, cell therapy, and
sequencing, Biomed. Microdevices 21 (2019) 31, https://doi.org/10.1007/
s10544-019-0358-0.

[228] J. Siepmann, N. Faisant, J. Akiki, J. Richard, J.P. Benoit, Effect of the size of
biodegradable microparticles on drug release: experiment and theory, J. Contr.
Release 96 (2004) 123–134, https://doi.org/10.1016/j.jconrel.2004.01.011.

[229] S. Candice, D. Sarah, D. Colin, R.-F. Allison, G. Carl, K. Roland, A. Ficht,
C. Gregory, R. Kaunas, Collagen-PEG composite microspheres for bone
regeneration, in: Front. Bioeng. Biotechnol. 10th World Biomater. Congr.,
Frontiers Media SA, 2016, https://doi.org/10.3389/conf.FBIOE.2016.01.00780.

[230] S. Zeitouni, U. Krause, B.H. Clough, H. Halderman, A. Falster, D.T. Blalock,
C.D. Chaput, H.W. Sampson, C.A. Gregory, Human mesenchymal stem
cell–derived matrices for enhanced osteoregeneration, Sci. Transl. Med. 4 (2012)
132ra55, https://doi.org/10.1126/scitranslmed.3003396.

[231] T. Kawashima, N. Nagai, H. Kaji, N. Kumasaka, H. Onami, Y. Ishikawa, N. Osumi,
M. Nishizawa, T. Abe, A scalable controlled-release device for transscleral drug
delivery to the retina, Biomaterials 32 (2011) 1950–1956, https://doi.org/
10.1016/j.biomaterials.2010.11.006.

[232] J. Yoon, J. Kim, H.E. Jeong, R. Sudo, M.-J. Park, S. Chung, Fabrication of type I
collagen microcarrier using a microfluidic 3D T-junction device and its application
for the quantitative analysis of cell-{ECM} interactions, Biofabrication 8 (2016)
35014, https://doi.org/10.1088/1758-5090/8/3/035014.

[233] S.-S. Wang, S.-H. Chu, Clinical use of omniflow vascular graft as arteriovenous
bridging graft for hemodialysis, Artif. Organs 20 (2008) 1278–1281, https://
doi.org/10.1111/j.1525-1594.1996.tb00674.x.
22
[234] H.E. Katzman, M.H. Glickman, A.F. Schild, R.M. Fujitani, J.H. Lawson, Multicenter
evaluation of the bovine mesenteric vein bioprostheses for hemodialysis access in
patients with an earlier failed prosthetic graft, J. Am. Coll. Surg. 201 (2005)
223–230, https://doi.org/10.1016/j.jamcollsurg.2005.03.040.

[235] H.G. Skelton, K.J. Smith, G. Turiansky, D. Couzzo, J. Lindstrom, M.L. Welch,
J. Yeager, K.F. Wagner, Helistat absorbable collagen hemostatic sponges in
cutaneous surgery in HIV-1þ patients, Int. J. Dermatol. 32 (1993) 835–837,
https://doi.org/10.1111/j.1365-4362.1993.tb02781.x.

[236] K.J. Burkus, S.E. Heim, M.F. Gornet, T.A. Zdeblick, Is INFUSE bone graft superior
to autograft bone? An integrated analysis of clinical trials using the LT-CAGE
lumbar tapered fusion device, J. Spinal Disord. Tech. 16 (2003) 113–122, https://
doi.org/10.1097/00024720-200304000-00001.

[237] D. Weir, Wound dressings, in: Local Wound Care Dermatologists, Springer, Cham,
2020, pp. 25–34, https://doi.org/10.1007/978-3-030-28872-3_4.

[238] N. Papanas, S. Papachristou, C. Kefala, S. Kyroglou, Use of the new vergenix soft
tissue repair matrix to heal a chronic neuropathic diabetic foot ulcer, Int. J. Low.
Extrem. Wounds 19 (2020) 205–206, https://doi.org/10.1177/
1534734620903597.

[239] U. Farkash, E. Avisar, I. Volk, O. Slevin, N. Shohat, M. El Haj, E. Dolev, E. Ashraf,
S. Luria, First clinical experience with a new injectable recombinant human
collagen scaffold combined with autologous platelet-rich plasma for the treatment
of lateral epicondylar tendinopathy (tennis elbow), J. Shoulder Elbow Surg. 28
(2019) 503–509, https://doi.org/10.1016/j.jse.2018.09.007.

[240] S. Tada, T. Kitajima, Y. Ito, Design and synthesis of binding growth factors, Int. J.
Mol. Sci. 13 (2014) 6053–6072, https://doi.org/10.3390/ijms13056053.

[241] W.F. McKay, S.M. Peckham, J.M. Badura, A comprehensive clinical review of
recombinant human bone morphogenetic protein-2 (INFUSE® Bone Graft), Int.
Orthop. 31 (2007) 729–734, https://doi.org/10.1007/s00264-007-0418-6.

[242] M.C. Robson, W.G. Payne, W.L. Garner, J. Biundo, V.F. Giacalone, D.M. Cooper,
P. Ouyang, Integrating the results of phase IV (postmarketing) clinical trial with
four previous trials reinforces the position that Regranex (becaplermin) Gel 0.01%
is an effective adjunct to the treatment of diabetic foot ulcers, J. Appl. Res. 5
(2005) 35–45.

[243] A.W. James, G. LaChaud, J. Shen, G. Asatrian, V. Nguyen, X. Zhang, K. Ting,
C. Soo, A review of the clinical side effects of bone morphogenetic protein-2,
Tissue Eng. B Rev. 22 (2016) 284–297, https://doi.org/10.1089/
ten.teb.2015.0357.

[244] S. Trujillo, C. Gonzalez-Garcia, P. Rico, A. Reid, J. Windmill, M.J. Dalby,
M. Salmeron-Sanchez, Engineered 3D hydrogels with full-length fibronectin that
sequester and present growth factors, Biomaterials 252 (2020) 120104, https://
doi.org/10.1016/j.biomaterials.2020.120104.

https://doi.org/10.1039/C1LC20859D
https://doi.org/10.1109/EMBC.2016.7591658
https://doi.org/10.1109/EMBC.2016.7591658
https://doi.org/10.1016/j.biomaterials.2013.08.046
https://doi.org/10.1002/jbm.a.35588
https://doi.org/10.1007/s10544-019-0358-0
https://doi.org/10.1007/s10544-019-0358-0
https://doi.org/10.1016/j.jconrel.2004.01.011
https://doi.org/10.3389/conf.FBIOE.2016.01.00780
https://doi.org/10.1126/scitranslmed.3003396
https://doi.org/10.1016/j.biomaterials.2010.11.006
https://doi.org/10.1016/j.biomaterials.2010.11.006
https://doi.org/10.1088/1758-5090/8/3/035014
https://doi.org/10.1111/j.1525-1594.1996.tb00674.x
https://doi.org/10.1111/j.1525-1594.1996.tb00674.x
https://doi.org/10.1016/j.jamcollsurg.2005.03.040
https://doi.org/10.1111/j.1365-4362.1993.tb02781.x
https://doi.org/10.1097/00024720-200304000-00001
https://doi.org/10.1097/00024720-200304000-00001
https://doi.org/10.1007/978-3-030-28872-3_4
https://doi.org/10.1177/1534734620903597
https://doi.org/10.1177/1534734620903597
https://doi.org/10.1016/j.jse.2018.09.007
https://doi.org/10.3390/ijms13056053
https://doi.org/10.1007/s00264-007-0418-6
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref242
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref242
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref242
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref242
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref242
http://refhub.elsevier.com/S2590-0064(21)00006-5/sref242
https://doi.org/10.1089/ten.teb.2015.0357
https://doi.org/10.1089/ten.teb.2015.0357
https://doi.org/10.1016/j.biomaterials.2020.120104
https://doi.org/10.1016/j.biomaterials.2020.120104

	A tough act to follow: collagen hydrogel modifications to improve mechanical and growth factor loading capabilities
	1. Introduction
	2. Mechanical considerations of collagen hydrogels
	2.1. Cross-linking mechanisms
	2.1.1. Physical cross-linking
	2.1.1.1. pH and salt concentrations
	2.1.1.2. Collagen concentration
	2.1.1.3. Temperature
	2.1.1.4. Fiber orientation
	2.1.1.5. UV cross-linking and dehydrothermal treatment

	2.1.2. Chemical and enzymatic cross-linking
	2.1.2.1. Glutaraldehyde
	2.1.2.2. Hexamethylene diisocyanate
	2.1.2.3. Carbodiimides
	2.1.2.4. Polyethylene glycol
	2.1.2.5. Glycation
	2.1.2.6. Genipin
	2.1.2.7. Transglutaminase and other enzymes



	3. Importance of growth factor loading in collagen-based scaffolds
	3.1. Direct loading
	3.2. Chemical cross-linking of growth factors
	3.3. Electrostatic and other protein–protein interaction
	3.4. Microcarrier systems
	3.4.1. Microgels
	3.4.2. Other carrier systems


	4. Conclusion and future work
	Declaration of competing interest
	Acknowledgments
	References


