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ABSTRACT

The development of three-dimensional matrices capable of recapitulating the main features of native
extracellular matrix and contribute for the establishment of a favorable microenvironment for cell
behavior and fate is expected to circumvent some of the main limitations of cell-based therapies. In
this context, self-assembly has emerged as a promising strategy to engineer cell-compatible
hydrogels. A wide number of synthetically-derived biopolymers, such as proteins, peptides and
DNA/RNA, with intrinsic ability to self-assemble into well-defined nanofibrous structures, are being
explored. The resulting hydrogels, in addition to closely resembling the architecture of native cellular
microenvironments, present a versatile and dynamic behavior that allows them to be designed to
undergo sol-to-gel transition in response to exogenous stimulus. This review presents an overview
on the state-of-the-art of the different strategies being explored for the development of injectable
synthetic self-assembled hydrogels for cell transplantation and/or recruitment of endogenous cells,
with an emphasis on their biological performance, both in vitro and in vivo. Systems based on
peptides are the most widely explored and have already generated promising results in pre-clinical in
vivo studies involving different repair/regenerative scenarios, including cartilage, bone, nerve and
heart. On the other hand, systems based on DNA and hybrid hydrogels are now emerging for
application in the biomedical field with high potential. Finally, the main challenges hampering the
translation of these systems to the clinic and the issues that need to be addressed for these to
progress from bench-to-bedside are discussed.
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As our understanding of cell biology and ability to control cell behavior, both in vitro and in vivo,
improves, cell-based therapies are growing in interest within the field of regenerative medicine [1].
Their effectiveness relies on the ability of transplanted cells to mediate a therapeutic effect that
potentiates the repair/regeneration processes [2]. Nevertheless, before the effective translation of
these therapies into the clinic, a number of issues still have to be solved, such as low cell survival, lack
of control of cell fate and poor cell engraftment following transplantation [3, 4].

Within biological systems, cells reside in the extracellular matrix (ECM), a complex and highly
dynamic microenvironment that provides structural, mechanical, and biochemical support to cells,
ultimately determining their behavior, function and fate. In this sense, and to improve the efficacy of
cell transplantation therapies, biomaterial-based matrices mimicking the ECM are being designed to
be used as vehicles for cell delivery. The goal is to create a permissive niche for the transplanted cells,
promoting cell survival, proliferation, differentiation, and integration within the host tissue. One of
the major challenges one faces when designing a cell-compatible matrix is the recapitulation of the
instructive cellular niches of natural tissues and the control of the bidirectional interaction between
cells and the surrounding microenvironment.

The design of such matrices must take into account a number of biological and physical criteria, as
follows:

(i) Biocompatibility. The developed matrix should be able of perform its function
without causing any toxic or undesirable effects.

(ii) Mechanical properties. The matrix mechanical properties should closely match
those of the target tissue, since these will impact cell behavior and, consequently,
determine the therapeutic efficacy of the transplanted cells.

(iii) Permeability. The matrix should allow the continuous exchange of gases, ions,
nutrients and metabolites with the surrounding microenvironment, which is vital
for the survival and proliferation of transplanted/encapsulated cells.

(iv) Degradation. Envisaging an application in the context of tissue
repair/regeneration a degradable matrix is preferred in the majority of cases. It is
paramount that the rate and mechanism of matrix degradation are adjusted to
the process of tissue remodeling.

In the last few years, the incorporation of biochemical and biophysical ECM cues — cell adhesion, cell-
triggered proteolytic degradation, mechanical stimulation and ECM/growth factor binding - into
matrices of both synthetic and natural origin was explored to better mimic the native cellular
microenvironment, with different degrees of development and success (consult references [5-7] for

a comprehensive review on engineered matrices as ECM mimics).
Hydrogels as attractive vehicles for cell transplantation

Hydrogels are reticulated structures comprising cross-linked hydrophilic polymers with high water
content (over 9go% of water) [8]. A number of unique features make hydrogels highly promising
matrices for cell transplantation and even for endogenous cell recruitment in the context of tissue
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repair/regeneration. These include a highly hydrated nature, good permeability and elasticity,
resembling the nature of soft tissue microenvironments [5]. These properties will favor cell-cell and
cell-matrix interactions, ultimately influencing cell behavior and fate. Moreover, the structural and
mechanical properties of hydrogels can be easily tuned to mimic the tissue-specific ECM
microenvironment, by varying the polymer molecular weight and/or its concentration, or by
adjusting the cross-linking degree of the network [1]. This is crucial for the development of cell-
compatible hydrogels, as cells also respond to biophysical properties of the microenvironment not
specifically related to its molecular composition, but to the overall structural and mechanical
characteristics of the matrix.

Cells are particularly sensitive to mechanical stimuli, and small changes in matrix stiffness or rigidity
can alter cell behavior in many aspects, such as morphology, migration, proliferation, differentiation
and, in the case of stem cells, lineage specification and commitment [g, 10]. For instance,
mesenchymal stem cells (MSCs) cultured on variably compliant poly(acrylamide) gels were found to
undergo neurogenic differentiation on gels with elastic moduli (E) mimicking brain tissue (< 1 kPa),
while on gels mimicking skeletal muscle (E = 11 kPa) and collagenous bone (E = 34 kPa) these cells
differentiated along the myogenic and osteogenic lineages, respectively [10]. The mechanism by
which cells convert mechanical signals into biochemical responses is termed mechanotransduction,
a dynamic process orchestrated by the ECM, mechanosensitive molecules and cellular components
(e.g. integrins, focal adhesions, stretch-activated ion channels, cadherins, cytoskeleton filaments,
nuclei) [11]. Particularly important for matrix elasticity sensing are focal adhesions, multiprotein
complexes formed upon integrin binding to ECM adhesion ligands, which link the ECM to the
intracellular cytoskeleton. Focal adhesions act as mechanosensitive receptors, through which
alterations in the conformation of ECM molecules caused by mechanical stimuli (e.g. tension/loading)
are transmitted to cytoskeleton proteins, leading to cytoskeletal (re)organization, contraction, and
activation of mechanotransduction signaling pathways affecting cell morphology, migration, and
gene expression profile.

Hydrogels, rather than implanted, can be designed to be injected and create a three-dimensional (3D)
network in situ. This is highly advantageous when envisaging clinical translation as it (i) allows the
homogenous encapsulation of cells and bioactive molecules; (ii) enables the use of minimally invasive
procedures for implantation; and (iii) ensures the conformational filling of the injured site, which
usually has an irregular shape, leaving no gaps between the matrix and the degenerated/damaged
tissue. In situ forming hydrogels will thus favor a more close contact and, consequently, a more
efficient integration of the matrix within the host tissue. Injectable hydrogels could be further
designed to have thixotropic properties (becoming less viscous when subjected to an applied stress).
This is achieved through the control of different variables (e.g. temperature, pH and ionic strength)
that influence directly the in situ gelling process (for a more extensive review on strategies explored
to design in situforming hydrogels see [12, 13]). When the cross-linking occurs in the presence of cells,
either mediated by (bio)chemical (e.g. enzymatically, Michael-type addition or photopolymerization)
or physical (e.g. ionic interactions or self-assembly) processes [13], care must be taken so that the
impact on cell viability is limited and minute.

These properties have made hydrogels very attractive in the design of either acellular systems,
specifically designed to allow the infiltration of endogenous cells, or cellular grafts to promote tissue
remodeling and regeneration [14].
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Naturally-derived polymers (e.g. collagen, fibrin or alginate) have been widely explored in the design
of hydrogels due to their inherent biocompatibility and ability to mimic several features of native
ECM. Nevertheless, their use is very often hindered by batch-to-batch variability, risk of
immunogenicity and limited range of mechanical properties [15, 16]. Therefore, recent strategies
have focused on the use of hydrogels derived from either purely synthetic polymers (e.g.
poly(ethylene glycol) (PEG) and poly(vinyl alcohol)) or synthetically-derived biopolymers (e.g.
proteins, peptides and DNA/RNA). Their synthetic nature, as well as their well-defined and versatile
structure allows them to be engineered, through the incorporation of bioactive sequences (e.g. cell
adhesive and protease sensitive), originating bioactive and bioresponsive hydrogels [16, 17]. In this
context, synthetically-derived biopolymers are being more extensively explored, due to the several
advantageous features of these materials, when compared with purely synthetic polymers. In
contrast with the simpler and stochastic structure of purely synthetic polymers, synthetically-derived
biopolymers can be engineered to attain a complex and reproducible structure. Moreover, by being
synthesized using solid-phase synthesis or recombinant technology (eventually combined with
genetic engineering) [18], they present a monodisperse distribution of the molecular weights. Finally,
their inherent ability to be cleaved by enzymes allows a more tight control over the kinetics of
hydrogel degradation and, as a result, over the remodeling process.

Self-assembled hydrogels

An important feature to take into account when engineering matrices to serve as ECM mimics is the
architecture of native ECM. Attaining 3D networks structurally mimicking the nanofibrous structure
of the ECM is highly desirable. This is expected to favor the creation of an instructive
microenvironment for cell anchorage and cell migration, ultimately leading to the implant,
colonization and integration within the host tissue. In this sense, “top-down” approaches, such as
electrospinning and phase separation, have been explored in the design of scaffolds for such
purposes. However, with these techniques one has a limited control over the scaffold structure at the
nanoscale level, as well as over the reproducibility of the process. In the last few years, molecular self-
assembly has emerged as the most promising and attractive strategy in this context [19-21]. Thisis a
natural and spontaneous “bottom-up” approach driving the association and organization of single
molecules into supramolecular structures. Self-assembly results from the establishment of multiple
non-covalent intermolecular interactions (e.g. hydrogen bonding, electrostatic interactions, Van der
Waals forces and aromatic m-stacking) [22, 23]. A wide number of biopolymers existing in nature (e.g.
proteins, peptides, polysaccharides and DNA/RNA) present intrinsic ability to self-assemble into
highly-ordered structural elements. As a result, their building blocks are being explored to develop
synthetic self-assembled networks [18], leading to hydrogels with a nanofibrillar structure, closely
resembling the architecture of native ECM. Moreover, the weak and transient nature of established
interactions allows the design of hydrogels that undergo a sol-to-gel transition in response to
exogenous stimulus (e.g. pH, temperature and ionic strength), which provides matrices with a
“smart” and dynamic behavior [19, 24]. In the following sections, we present the state-of-the-art of
synthetic self-assembled hydrogels, focusing on their application as matrices for cell transplantation
in the context of regenerative medicine.

Engineered protein-based hydrogels
A number of naturally-occurring proteins (e.g. elastin, collagen and silk) have remarkable structural

and biological properties that prompted their use in the design of self-assembled hydrogels [25]. In
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particular, the ones derived from constituents of the mammalian ECM proteins, like collagen,
fibronectin or laminin, additionally present biological active peptide domains recognized by cell
adhesion receptors and cell-secreted proteolytic enzymes. These features have made protein-based
hydrogels highly advantageous in the context of cell therapies [26]. However, the use of proteins
derived from natural sources is very often hampered by low scalability, reproducibility, stability and
price. In this sense, in the last few years, engineered proteins have arisen as a promising alternative
for the design of self-assembled hydrogels. The synthetic nature of these proteins allows the
combination in one structure of key attributes of native ECM, including cell adhesion, growth factor
and ECM binding domains, as well as sequences that confer to the final protein elasticity and
proteolytic degradation. But while maintaining the main attractive biological features of naturally
derived proteins, precise control over the primary amino acid sequence and molecular weight can be
achieved, allowing the fine-tuning of the gelation process and of the hydrogel structural and
mechanical properties.

As the number of engineered proteins that can be used for the development of self-assembled
hydrogels [26, 27] is too large to be effectively covered by this review, only the engineered protein-
based hydrogels that have shown the most promising results, both in vitro and in vivo, were
addressed. These include hydrogels based on elastin- and silk-like polypeptides, as well as hydrogels
based on de novo engineered proteins, such as leucine zipper coiled-coil-based polypeptides and
amphiphilic block co-polypeptides.

Elastin-like polypeptides

Elastin is an ECM structural protein, essentially composed of B-sheet structures, that mediates
important biological functions, such as cell-cell and ECM-cell interactions, providing tissues with
unique physical characteristics in terms of tensile strength and elasticity [25]. A broad number of
synthetic polypeptides have been designed inspired by this natural protein, among which elastin-like
polypeptides (ELPs). These are genetically engineered sequences containing the pentapeptide
repeat - (VPGXG), - in which X can be any amino acid except proline [28]. ELPs are thermally-
responsive and thus can undergo a reversible inverse phase transition in response to temperature
changes (Fig. 1A) [25, 29]. At temperatures below a specific transition temperature (Ty), ELP
molecules exist in a disordered and bulky conformation, while above the T: they self-associate
through the establishment of hydrophobic interactions, forming an insoluble and highly viscous
coacervate (Fig. 1A). The Ti of an ELP is highly dependent on its composition, molecular weight and
concentration, and thus can be easily tuned by changing any of these parameters [30, 31]. The
thermal responsiveness of ELPs provides a natural trigger for self-assemble that can be exploited for
the development of injectable defect-filling hydrogels [32, 33] (for a more extensive review on ELPs
stimulus responsive behavior see [34, 35]). These molecules have been shown to be biocompatible,
biodegradable and non-immunogenic, which makes them highly attractive for tissue engineering
purposes [26].

The self-assembly of ELP-based hydrogels can also be achieved by chemical cross-linking (Fig. 1A)
[36]. For this purpose, ELPs are engineered to include lysine residues, enabling primary amine
reactive cross-linking [37]. The mechanical properties of the formed hydrogels, as well as the rate of
the gelation process, can be easily tuned by varying the number of lysine residues and the pH of the
cross-linking reaction [38]. Chemical cross-linking was found not to affect cell viability, as shown by
studies using mouse fibroblasts [37, 39].
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ELP-based hydrogels can be engineered to incorporate specific bioactive sequences, such as cell
adhesive and/or proteolytic sensitive domains, to impart them with bioactivity. As an example, a
chemically cross-linked biomimetic matrix comprising ELP structural domains modified with the
RGD cell adhesion motif and a sequence sensitive to urokinase plasminogen activator (UPA) was
designed for purposes of neural regeneration [40]. Apart from being able to support PC-12 neuronal-
like cell line adhesion, proliferation and differentiation, the resulting hydrogel showed highly tunable
degradation rates, depending on the degree of exposure to UPA [40]. Also, a chemically cross-linked
ELP hydrogel designed with an RGD cell-adhesion motif have shown to be able of promote neurite
outgrowth of encapsulated dorsal root ganglia (DRG) cells [41].

To improve the mechanical and biological properties of ELPs, a different class of genetically
engineered materials - silk-elastin-like polypeptides (SELPs), was developed. These are composed by
repeating units of silk (GAGAGS) and elastin (GVGXP) peptide sequences [25, 42-44]. Silk-like blocks
provide chemical and thermal stability, due to their ability to form hydrogen-bonded B-sheets, while
elastin-like blocks introduce flexibility and aqueous solubility to SELPs, by reducing their degree of
crystallization [25]. The sequence and length of silk- and elastin-like blocks, as well as their ratio
strongly influence the extent of the gelation process, as well as the biological and physicochemical
properties of the developed hydrogels [42, 45].

Leucine zipper coiled-coil-based polypeptides

Engineered protein-based hydrogels assembled through the leucine zipper coiled-coil domains have
been widely explored in the context of tissue engineering. Leucine-zipper coiled-coil domain is an a-
helical structural motif with a heptad repeat sequence (abcdefg)n, comprising hydrophobic (a and d),
charged (e and g) and polar (b, c and f) residues that form an amphiphilic a-helical structure, through
the establishment of hydrophobic and ionic interactions (Fig. 1B). The design rules guiding the
formation of a coiled-coil structure were extensively reviewed by Mason and Arndt [46]. The formed
structure reversibly self-assembles into coiled-coils, whose physical association will favor the
formation of an engineered hydrogel network [47]. Based on the advantageous features of this self-
assembly module, a number of genetically engineered triblock copolymers were synthesized. These
are composed by a random coil water-soluble segment (Ala-Gly-rich sequence), flanked by two short
leucine zipper end motifs (each containing six heptad repeats) that drive the formation of the
network through a reversible gelation process triggered by changes in pH and temperature (Fig. 1B)
[47-49]. The formed physically cross-linked hydrogels (Fig. 1B) display shear-thinning properties and
rapid recovery after injection, allowing encapsulated cells to survive [49]. Moreover, the degradation
rate of the developed hydrogels can be easily controlled by engineering the amino acid composition
of the leucine zipper coiled-coil [50]. Due to their modular structure these hydrogels can be endowed
with bioactivity through the incorporation, within the central domain of the triblock polypeptide, of
cell-adhesion ligands and proteolytic-sensitive sequences. Indeed, when modified with the RGD-cell
adhesion ligand, the developed matrices have shown to be able to support human foreskin fibroblasts
and human umbilical vein endothelial cells (HUVECs) attachment, spreading and proliferation, as well
as focal adhesion formation [51-53].

Amphiphilic block co-polypeptides
A different approach that is being increasingly used in the development of protein-based self-

assembled hydrogels explores amphiphilic block co-polypeptides composed by a repeating sequence
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of charged amino acids (Lysine (K) or Glutamate (E)), usually ranging from 8o to 380 residues in
length, and another of hydrophobic residues (Leucine (L) or Valine (V)), comprising 10 to 40 residues
in length (Fig. 1C) [54]. Such block co-polypeptides usually present sequences like KyL,, K.V, or E,L,.
Self-assembling occurs by a process not found in nature and that is dependent on physical
interactions between hydrophobic a-helical domains (Fig. 1C) [54]. These domains associate into
“twisted fibrillar tapes with helices packed perpendicular to the fibril axes” [54]. This arrangement
contributes to the formation of a hydrogel with increased stability at high temperatures and with
ability to rapidly recover after stress, as a result of the weak and reversible nature of the interactions
mediating the self-assembly process [54, 55].

A number of self-assembled hydrogels based on di- [55, 56], tri- [57] and pentablock [58] copolymers,
differing in the length and/or composition of the hydrophobic domain, have been proposed. The
length of the hydrophobic domain significantly impacts the stability of the formed hydrogels, with
shorter segments resulting in weaker hydrogels.

Due to the similarity between the stiffness of some of these amphiphilic block co-polypeptides and
the brain tissue (~200 Pa), their influence on cellular behavior has been further assessed in this system
[56].

Mixing-induced two-component hydrogel

The concept of protein-protein interaction between specific association domains was explored by
Heilshorn’s group for the design of mixing-induced two-component hydrogels [59, 60]. The first
component of such system comprises proline-rich peptides (PPxY) linked by hydrophilic spacers (Fig.
1D). The second is composed by engineered repeats of WW domain linked together by hydrophilic
spacers containing the cell adhesion motif RGDS (Fig. 1D). The inclusion of such domain imparts
flexibility and biofunctionality to component 2. Upon mixing, under physiological conditions, the two
components are physically cross-linked leading to the formation of a self-assembled hydrogel. The
strength of the resultant material can be tuned by changing the number of repeats per component
and by adjusting the strength of protein-protein interactions mediating the self-assemble process
[60].

As in this system, self-assembly occurs without the need of an external trigger like temperature, pH
and ionic strength, physiological conditions are kept unaltered during the cross-linking process,
which is highly advantageous when envisaging the use of such systems for cell transplantation [59].
Indeed, mixing-induced two-component hydrogels have shown to be able to support the growth and
differentiation of PC12 neuronal-like cells, HUVECs, and primary murine neural stem cells (NSCs)
[59], constituting highly promising injectable materials for cell transplantation. Moreover, these
hydrogels present shear-thinning properties, resulting from the weak nature of the established
interactions [59].

the strength of this interaction varies according to the specific WW domain used. WW domains are
linked by hydrophilic spacers containing the RGDS cell-adhesion motif. Adapted from [59].

Peptide-based synthetic hydrogels
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Recently, hydrogels formed based on peptide self-assembly constitute one of the most actively
investigated class of biomaterials in the context of tissue engineering. Peptide-based molecules,
unlike other biopolymers (e.g. proteins and DNA/RNA), can be obtained with high purity,
reproducibility and good yields, crucial features when envisaging a clinical application. Depending on
the nature of the molecular building blocks (natural and non-natural amino acids), peptide sequences
with acidic, basic, polar, non-polar or aromatic features can be developed [18, 63]. These features can
influence, per se, different biological functions, including cell adhesion, proliferation and
differentiation [18], thus circumventing the need of using more complex proteins. Nevertheless, the
bioactivity and biofunctionality of the resulting systems can be further improved through the
incorporation of specific cell adhesion domains (e.g. fibronectin- or collagen-derived RGDS [64-66],
laminin-derived IKVAV [67], bone-marrow homing peptides (BMHP) -1and -2 [66] and the osteogenic
growth peptide ALK [68]), or proteolytic-sensitive sequences (e.g. matrix metalloproteinase (MMP)-
2 [69] and -13 [70] specific cleavage sites)).

The mechanisms behind the self-assembly processes mediating the formation of peptide-based
hydrogels was thoroughly reviewed by Zhang and co-workers [71, 72]. These hydrogels are usually
engineered to self-assemble according to the design rules derived from natural proteins, by adopting
basic secondary structural motifs, such as B-sheets, B-hairpins or a-helices. However, a number of
new approaches based on electrostatic, amphiphilic or aromatic interactions are being widely
explored for the development of new self-assembled hydrogels.

Inthe following sections, we present the state-of-the-art of the two main categories of peptide-based
self-assembled hydrogels.

Self-assembling peptides

Self-assembling peptides based on naturally-derived amino acids have been proposed as promising
structural elements for the development of novel hydrogels for tissue engineering applications [71].
Inspired by the yeast protein zuotin [73], Zhang's group synthesized a number of ionic self-
complementary peptides, including EAK16 [74, 751, RADA16 [76, 771, FEK16 [78] and KLD-12 [79].
These are composed by alternating charged hydrophilic and hydrophobic natural amino acids and
have an intrinsic ability to self-assemble into highly ordered B-sheet nanofibrous scaffolds (Fig. 2A).
The self-assembly process can be further accelerated by changes in pH or in salt solution
concentration [74-76]. Ultimately, the non-covalent nature of the established interactions, in
combination with the dependence on external stimulus (e.g. pH, temperature and ionic strength),
allows the self-assembly process to be reversible and, as a result, the development of “smart”
hydrogels [77]. The stimulus-responsiveness of the developed hydrogels allows a more tight control
over the self-assembling process, which can be of interest for obtaining an in situ forming gel for cells
and/or biomolecules delivery. These ionic self-complementary peptides have been successfully
applied in a number of tissue engineering applications, namely as 3D matrices for in vitro cell culture
[76, 79-82] and as vehicles for cell transplantation [80] and/or endogenous cell recruitment [83].
Peptides based on RADA16 self-assembling motif are the most frequently employed due to the ease
with which it is synthesized and modified for specific applications. RADA16-based hydrogels are able
of effectively support the differentiation of adult rat liver progenitor cells into functional hepatocyte-
like spheroid clusters [81], PC-12 neuronal-like cell viability, neurite outgrowth and synapse
formation [80], and hippocampal neuronal cell culture [82].
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To afford peptide-based self-assembled hydrogels with additional biological activity, a number of
specific bioactive sequences were incorporated. For instance, RADA16-based hydrogels
incorporating cell adhesion motifs from collagen VI (RGDS), as well as BMHP- 1 and -2, have been
developed and their in vitro biological performance evaluated using mouse adult NSCs [66]. As
compared with non-functionalized matrices, the bioactive hydrogels showed improved ability to
support NSC survival, proliferation and differentiation. [66]. Similar hydrogels comprising bioactive
sequences known to enhance osteoblast behavior, such as the osteogenic growth peptide ALK,
osteopontin cell-adhesion motif (DGR) and 2-unit RGD motifs (PGR), were also designed, and shown
to support mouse pre-osteoblastic MC3T3-Ex1 cells adhesion, proliferation and migration, as well as
osteogenic differentiation [68].

B-sheet self-assembly was also explored in the development of triblock peptides, comprising an
amphiphilic triblock peptide motif (Fig. 2B). The central B block comprises alternating hydrophilic
(glutamine) and hydrophobic (leucine) residues ((QL)q-1-6 repeat), whose interactions lead to the
formation of peptide dimmers [84]. These in turn, form B-sheet hydrogen bonds with each other,
which keep them aligned perpendicularly to the peptide backbone axis, allowing the formation of
highly-ordered nanofibrous matrices (Fig. 2B). On the other hand, the A block is composed by two to
four positively charged lysine residues which, due to electrostatic repulsions, will affect the
conditions required for peptide self-assembly at physiological conditions. Therefore, a balance of
repulsive and attractive forces must be attained to control the self-assembly of triblock peptides into
well-defined nanostructures and the properties of the resultant hydrogels [84]. The modular nature
of amphiphilic triblock peptides can be harnessed to favor a more tunable control over hydrogel
mechanical properties. For instance, the careful selection of the amino acid residues composing A
and B blocks significantly influences the gelation conditions, the length and diameter of the formed
nanofibers, and the viscoelastic properties of the resultant hydrogel [85]. To improve the bioactivity
of developed hydrogels, an MMP-2 specific cleavage site and an RGD cell adhesion motif were
incorporated in the central B block and in the A block, respectively [69]. The combination of these
two bioactive motifs resulted in increased viability, spreading and migration of MSCs from human
exfoliated deciduous teeth within the hydrogel when compared with the non-functionalized ones.

An alternative design based on B-sheet motifs was developed, in which an amphiphilic B-hairpin
secondary structure was used as self-assembling motif [8, 86]. Here, peptide sequences fold in
response to different external stimulus, including pH [87], temperature [88] and ionic strength [89].
The formed hydrogels present a controllable shear-thin recovery kinetic, due to the weak and
transient nature of the interactions mediating the self-assemble process [90]. This allows the
encapsulation and subsequent delivery of cells to the injured sites, by minimally invasive procedures.
B-hairpin-based hydrogels were shown to be cytocompatible, being able to mediate the adhesion,
migration and proliferation of NIH3T3 murine fibroblasts (seeded on their surface), even in the
absence of serum proteins or cell-adhesive motifs [91]. Through the incorporation of sequences
sensitive to MMP-13, the degradation of such hydrogels can be efficiently controlled [70].

Self-assembling peptide amphiphiles

Peptide amphiphiles (PAs) are composed by a peptide sequence with a covalently linked chemical
tail (e.g. short hydrophobic sequences or aromatic moieties) with intrinsic ability to self-assemble.
These molecules can combine, thus, the structural features of amphiphilic molecules with the
chemical functionality/bioactivity of small peptide sequences [92-94]. In the last decade, pioneering
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work of Stupp and co-workers resulted in the proposal of a broad range of PAs comprising a
hydrophilic sequence covalently linked to an alkyl chain [94]. These molecules are typically composed
by four distinct domains (Fig. 2C): (1) short hydrophobic tail responsible to drive the self-assembly
process; (2) 8-sheet peptide domain, which, through the formation of hydrogen bonds, promotes the
cohesion of the formed nanofibers; (3) charged residues to confer water solubility; and (4) bioactive
domain to mediate a specific biological response. Their self-assembly into long and stable nanofibers
(Fig. 2C) is driven by the hydrophobic tail and occurs under specific pH, temperature or ionic strength
conditions [95]. The resulting structures further undergo a sol-to-gel transition under physiological
conditions in the presence of multivalent ions, which allows injection and in situ gel formation [64].
As result of the self-assembly process, the peptide sequence will be orientated towards the aqueous
environment. This, in combination with the versatility and modular nature of PAs, allows the easy
incorporation of bioactive sequences at the extremity of the peptide domain (Fig. 2C) and the
development of bioactive hydrogels. As an example, PAs functionalized with the IKVAV epitope from
laminin, revealed higher ability to promote NSC adhesion, migration and differentiation into a
neuronal phenotype, as well as neurite outgrowth, when compared to laminin-coated surfaces [67].
These promising outcomes were associated to the high density of IKVAV epitopes present on the
nanofibers surface [67]. Therefore, both the epitope density and their presentation on the nanofiber
surface were found to contribute to such a pronounced biological response. Also in the context of
nerve regeneration, a hydrogel based on a PA engineered with a heparin sulfate mimetic and an
IKVAV epitope was developed [96]. The two bioactive moieties have demonstrated a cooperative
effect in the promotion of PC12 neuronal-like cells neurite outgrowth, even when in presence of
inhibitory components, such as chondrotin sulfate proteoglycans [96]. For application in bone
regenerative therapies, a hydrogel was engineered with BMP-receptor binding peptides, termed
osteopromotive domains [97]. The developed hydrogels showed ability to promote cell survival and
osteoblastic differentiation of human bone marrow stromal cells (BMSCs) [97].

Aromatic PAs comprising short (e.g. di- or tri-) peptide sequences capped, at the N-terminal, with a
synthetic aromatic moiety have been also explored for the development of self-assembled hydrogels.
These PAs have the intrinsic ability to self-assemble and drive the formation of highly-ordered
amphiphilic hydrogels, by a combination of hydrophobic and m-m interactions [98]. A number of PAs
comprising the fluoren-g-ylmethyloxycarbonyl (Fmoc) aromatic stacking ligand were developed [99-
101]. The simplicity of the aromatic moieties (only 2-3 amino acids in length) allows the easy
modification of the peptide sequence and a more tunable control over the structure and mechanical
properties of the resultant hydrogels [99-101]. The structure of the self-assembled PAs, resembles in
several aspects the native ECM, namely in their hydrated nature, nanofibrous architecture and
rigidity (G'~10 kPa) [100-102]. To endow these hydrogels with bioactivity, a modular design strategy
combining an Fmoc-RGD peptide with the Fmoc-diphenylalanine (Fmoc-FF) sequence was explored
[65]. The developed hydrogels showed ability to support the adhesion, migration and proliferation of
human adult dermal fibroblasts, in an integrin-dependent manner. By changing the ratio in which the
two components are mixed, a more tunable control over hydrogel mechanical and biological
properties may be achieved. Alternatively, some authors explored the use of naphthalene (Nap),
rather than the Fmoc moiety, as aromatic capping group to synthesize the Nap-FFGEY peptide. The
tyrosine residue (Y) present in the resultant aromatic PA could be easily phosphorylated by the action
of a kinase, leading to the formation of a molecule with increased hydrophilicity, not capable of self-
assemble and form a hydrogel. Interestingly, when injected in a mouse model it was observed that
the phosphorylated PA was converted to a gel by the action of naturally occurring phosphatase
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enzymes [103, 104]. Therefore, injectable hydrogels based on these PAs can be developed by taking
advantage of this enzymatic switch.

DNA-based hydrogels

Despite the high costs associated at present with DNA synthesis, this molecule has several
advantageous features that make it highly attractive for the development of self-assembled
hydrogels [107]. These include its hydrophilic nature, inherent biocompatibility and ability to form
stable and flexible secondary structures through specific Watson-Crick base-pairing (Fig. 3A) [107].
Moreover, DNA can be easily tailored either by varying the number and type of nucleic bases or
through the incorporation of bioactive motifs, while retaining the ability to self-assemble into highly-
ordered nanostructures [18, 107, 108]. Ultimately, one of the most important and unique properties
of these molecules is the wide range of molecular biology tools available for their synthesis and
modification [109]. In fact, no other molecule simultaneously meets all the aforementioned
properties, making DNA a highly attractive and versatile material for the development of self-
assembled hydrogels. The unique features, as well as the inherent ability of DNA to self-assemble
allow it to be used as structural component of nanoscale materials, thus behaving per se as a
biopolymer.

To design complex and stable nanoscale structures based on DNA, Lu and co-workers, taking
advantage of the Watson-Crick base-pair rules aforementioned (Fig. 3A), engineered branched DNA
molecules with complementary sticky-ends. The self-assembly and the formation of a cross-linked
hydrogel network occurs under physiological conditions and in the presence of a DNA ligase (Fig. 3B)
[120]. Therefore, the developed matrices can be used to encapsulate live mammalian cells, without
any deleterious effect on their viability [110]. To promote a more tunable control over the self-
assembly process and over the structure of the resultant hydrogel, the adjustment of the
concentration and type of branched DNA monomers [110], as well as the development of stimuli-
responsive (e.g. pH [111], temperature [112] or enzymatic activity [112]) hydrogels, can be exploited.
Indeed, a number of DNA-based hydrogels with responsive properties that self-assemble rapidly
without the need of any chemical cross-linker were developed [111, 112]. The properties and
applications of such hydrogels were comprehensively reviewed by Tan and co-workers [108]. More
recently, DNA hydrogels formed by self-assembly of linear DNA molecules comprising sticky ends
have been developed (Fig. 3C) [113]. These hydrogels are thermoresponsive, allowing a more tight
control over the self-assembling process, which can be of interest to obtain an in situ forming gel for
cell and biomolecule delivery. To the best of our knowledge, the effect of such hydrogels on cell
behavior has not been assessed yet.

Despite the recent advances on the use of DNA as structural component for the development of self-
assembled hydrogels, the weak nature of the designed matrices [114], as well as their poor stability
against extra- and intra-cellular degradation, mainly mediated by nucleases [115], still constitutes
some of the main obstacles to the application of DNA-based hydrogels in the biomedical field.
Therefore, in the last few years a number of chemical modifications to native DNA have been
explored in an attempt to favor the formation of more stable and resistant hydrogels [115]. Also, to
develop mechanically robust hydrogels, DNA are being explored as cross-linking agent, rather than
biopolymer, to mediate the assembly of synthetic polymers, forming DNA-hybrid hydrogels [114,
116], which will be addressed in the following section.

Version: Postprint (identical content as published paper) This is a self-archived document from i3S - Instituto de
Investigacao e Inovacao em Salde in the University of Porto Open Repository For Open Access to more of our
publications, please visit http://repositorio-aberto.up.pt/

:;-
L T A

INSTITUTO .
DE INVESTIGACAO
E INOVACAO

EM SAUDE
UNIVERSIDADE
DO PORTO

Rua Alfredo Allen, 208
4200-135 Porto
Portugal

+351 220 408 800
info@i3s.up.pt

www.i3s.up.pt



00/T0V

Hybrid hydrogels

Hybrid hydrogels combine the advantageous properties of biological (macro)molecules with the
tunable and reproducible structural and mechanical features of synthetic polymers [117, 118]. The
combination of these two distinct classes of molecules, either through covalent or non-covalent
interactions, can result in hydrogels with a higher level of structural organization and improved
properties, when compared with their individual components. The biological components are usually
molecules adopting basic conformational secondary structures (B-sheets or a-helices), such as
peptides, proteins, or DNA/RNA. Their use allows the tunable control over the structural organization
and properties of developed hydrogels [117, 118]. The synthetic segments contribute, normally, for
the improvement of the mechanical performance of the network. Despite the wide variety of
synthetic polymers that can be used in the design of hybrid hydrogels, PEG and poly(N-(2-
hydroxypropyl)methacrylamide) (pHPMA) are the ones usually selected, due to their hydrophilicity,
biocompatibility and non-immunogenicity. Moreover, the incorporation of these polymers can
contribute to increase the stability of the final network in time by delaying its (enzymatic)
degradation, which may be highly advantageous when envisaging a clinical translation.

The concept of using biopolymers to guide the self-assembly of synthetic polymeric matrices has
been increasingly explored. Indeed, a number of hybrid block copolymers containing biologically-
inspired proteins/peptides adopting B-sheet or coiled-coil structures, have been engineered for the
development of self-assembled hybrid hydrogels (for a more extensive review see [118]). Despite
their conjugation with a synthetic polymer, these coiled-coil and B-sheet forming biopolymers retain
their ability to self-assemble and thus can be used to induce the formation of a highly-ordered
nanofibrous network. One of the first and well-known examples of hybrid hydrogels formed based
on this concept, explores a hybrid diblock copolymer comprising B-sheet forming peptide sequences,
derived from the natural occurring B-amyloid protein, conjugated with a PEG polymer [119, 120].
Since then, a number of other B-sheet-forming proteins/peptides have been explored for the design
of self-assembled hybrid hydrogels. As an example, block copolymers comprising ELPs ((VPGVG),
and (VPAVG),) conjugated with a PEG backbone were used. Here, the self-assembly is driven by a
reversible temperature transition, culminating in the formation of an insoluble and supramolecular
thermoresponsive coacervate [121, 122]. Further, hybrid hydrogels in which the synthetic polymer
self-assembly is guided by the chemical cross-linking of elastin domains modified with lysine residues
were also developed [123, 124]. The resulting hydrogels present elastomeric and shear-thinning
properties, allowing these to be injected and form a matrix in situ [123, 124]. Moreover, these
hydrogels enable a tunable control over the density of elastin cell adhesion domains, as well as of
matrix stiffness, which is highly desirable to modulate cell behavior and when studying cell-matrix
interactions. Indeed, ELP-PEG hybrid hydrogels have shown to be able of support fibroblasts growth,
migration and proliferation [123, 124]. B-sheet forming peptides were also explored as component of
hybrid graft copolymers. A pHPMA polymer grafted with complementary B-sheet peptides were
developed and endowed with bioactivity through the coupling of RGD cell-adhesion domains to each
complementary hybrid graft copolymer (Fig. 4A). These hydrogels have shown ability to support
MC3T3-Ez1 cell viability and proliferation.

The self-assembly properties of coiled-coil forming peptides were also explored to create hybrid
hydrogels. Diblock copolymers of PEG and coiled-coil forming peptides that self-assemble into a two-
stranded a-helical coiled-coil conformation in aqueous solution, illustrate such strategy [125, 126]. It
has been shown that the conjugation of coiled-coil domains with a synthetic polymer favors their
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thermal stability, resulting from the formation of a PEG hydrophilic shell around the coiled-coil
structure [125, 126]. Further, genetically engineered coiled-coil forming peptides (CC1 and CC2), non-
covalently grafted to a pHPMA synthetic backbone have been explored for the development of
hybrid graft copolymers [127]. Here, the physical cross-linking and the consequent hybrid hydrogel
formation were favored by a temperature-induced conformational change of coiled-coil peptides
[127]. The temperature-responsiveness of these hydrogels allows the development of “smart”
materials and a more tunable control over the material properties. Another design involving the
pHPMA hydrophilic polymer and peptide grafts forming homodimers and higher aggregates were
also described [128, 129]. In this case, a minimum of four heptad repeats was found to be needed to
induce self-assembly and the formation of homodimers [128, 129]. The number and concentration of
the copolymer, as well as temperature proved to have a crucial role on the control of the gelation
process [129]. Still, this design is very often limited by the possibility of dimer formation between
grafted peptides attached to the same macromolecule. To avoid this and to guarantee the formation
of a well-ordered 3D structure, a modified approach was proposed. In this new design, a pHPMA
synthetic backbone was grafted with a pair of oppositely charged coiled-coil forming peptides (CCE
and CCK) (Fig. 4B) [130, 131]. The oppositely charged peptide grafts self-assemble into antiparallel
heterodimeric motifs and induce the formation of a physically cross-linked hydrogel [130, 131]. Here,
a reversible self-assembly occurs when the graft copolymers, CCE-P and CCK-P, are mixed
equimolarly at neutral pH.

A different approach for the design of hybrid hydrogels consists in using star-shaped
macromolecules, such as 4-arm PEG, in combination with biological molecules, responsible for
mediating the self-assembly process. As an example, four-arm star-shaped PEG polymers
functionalized with either thymine or adenine nucleotides were used to create injectable hydrogels,
assembled by base pairing between the two complementary nucleotides (Fig. 4C) [56, 116]. These
hydrogels were explored for soft tissue engineering applications, namely for the encapsulation of
adipose-derived stem cells. The gelation time (and therefore cell entrapment time) was shown to be
dependent on the type of nucleotides used, and the developed hydrogels found to support cell
viability and growth [116].

In vivo biological performance of synthetic self-assembled
hydrogels

The self-assembled hydrogels discussed so far in this review were designed envisaging their
application as 3D scaffolds for cell transplantation. Proof-of principle of the suitability of these
hydrogels in terms of ability to create a permissive microenvironment for cell growth and
differentiation, in vitro, has been highlighted. However, several of these systems have already been
evaluated in vivo. In this section, an overview of the in vivo biological performance of several of these
hydrogels, when explored for cell delivery, is presented in Table 1, namely that of the most recent
and promising bioactive self-assembled hydrogels designed for cell transplantation and/or
endogenous cell recruitment, in the context of cartilage, bone, nerve and cardiac regeneration.

Translation of synthetic self-assembled hydrogels into the clinic:
progress and future challenges

As discussed in the previous section, the potential of several synthetic self-assembled hydrogels for
use in cell transplantation and/or endogenous cell recruitment has been already demonstrated in a

Version: Postprint (identical content as published paper) This is a self-archived document from i3S - Instituto de
Investigacao e Inovacao em Salde in the University of Porto Open Repository For Open Access to more of our
publications, please visit http://repositorio-aberto.up.pt/

:;-
L T A

INSTITUTO
DE INVESTIGACAO
E INOVACAO

EM SAUDE
UNIVERSIDADE
DO PORTO

Rua Alfredo Allen, 208
4200-135 Porto
Portugal

+351 220 408 800
info@i3s.up.pt

www.i3s.up.pt



00/T0V

number of pre-clinical in vivo studies involving different repair/regenerative scenarios (Table 1).
Although the promising results have fueled the interest of the research community and
manufacturers into the use of these materials, just now these begin to enter clinical testing. To the
best of our knowledge, only one product based on self-assembled hydrogels is presently on the
market - NuCore™ Injectable Nucleus developed by Spine Wave (Shelton, CT) [156]. This system
consists of a recombinant protein copolymer comprising blocks derived from silk and elastin
structural proteins and it was already evaluated in a pilot clinical trial to assess product safety for
potential application in the repair and regeneration of invertebral disc [157]. The trial did not involve
the transplantation of cells. No complications or adverse effects to the patient have been reported.
Moreover, the system seems to slow the degenerative process over time. Despite the promising
results obtained in this pilot study, further investigation on product safety and efficacy need to be
performed prior its clinical use.

While trying to bring synthetic self-assembled hydrogels from bench-to-bedside, a number of
requisites need to be fulfilled and few key issues must be taken into consideration. A wide number of
self-assembled systems (proteins, peptides, DNA, synthetic polymers or hybrid structures) have been
proposed for the design of cell-compatible hydrogels. Therefore, one of the most importantissues to
be addressed upon the development of these products and that most possibly significantly
contributes to delay their translation, is the selection of the most suitable system for each particular
application. The chosen building blocks should be biocompatible, biodegradable and able to mimic
the cellular microenvironment of the surrounding tissues, as discussed in previous sections. The
characterization of the proposed systems in terms of degradation rate and degradation by-products,
as well as of biofunctionality (including inflammatory response) should be carried out in a number of
in vitro and in vivo set-ups, before considering clinical translation. Scalability is also an important issue
to take into account, since some building blocks, such as proteins and DNA, are difficult to obtain in
large scale and in good yields, what has put a strain in costs. Nevertheless, the efforts made in the
last few years towards the efficient chemical synthesis of such systems will possibly contribute to
enhance their feasibility for biomedical applications. Also, production-related issues, such as
purification and sterilization will be paramount to define if these will reach the market.

A challenge while developing injectable in situ forming hydrogels is to gain control over the 3D
architecture of the hydrogel fibrillar network. The building blocks of synthetic self-assembled
hydrogels typically assemble into randomly oriented networks, and the nanofibrillar structures
formed in several peptide hydrogels are also randomly oriented. To better mimic the natural
anisotropic structure and functional features of the ECM, control over fibrillar orientation both at the
nano- and the micro-scale should be achieved. This is particularly important in hydrogels envisaged
for application in highly organized tissues (e.g. nerve and bone), in which the structural and
mechanical properties of the ECM fulfill important biomechanical properties and regulate cell
behavior. For instance, longitudinally-oriented aligned structures have been shown to induce
directional axonal re-growth and alignment of transplanted cells, by providing contact guidance,
which can be of most importance in therapies for the treatment of spinal cord and peripheral nerve
injuries [158]. Attempts to develop in situ forming hydrogels of aligned self-assembled PA nanofibers
were made. This was achieved by exposing isotropic PA solutions to elevated temperatures, under
which plaque-like structures are formed, which break apart into aligned bundles of multiple PA
nanofibers upon cooling [159]. Upon pipetting the resultant liquid crystalline solution into CaCl,-
containing physiological buffer, string-like gels containing aligned nanofibers are formed. When
modified with IKVAV or RGDS epitopes, aligned PA hydrogels containing neurons or neural
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progenitor cells (added to the CaCl, solution prior hydrogel formation), were able to guide neurite
extension from neurons along the direction of the nanofibers in vitro, and to promote the growth of
oriented processes from transplanted neural progenitor cells within the spinal cord, in vivo [160].
Control over the architecture of in situ forming hydrogels is therefore worthy to explore, and likely to
be most rewarding.

The complexity and highly dynamic nature of biological systems constitutes another major challenge
in the design and application of cell-compatible hydrogels. Hydrogels should be engineered not only
to serve as vehicles for cell and/or biomolecule delivery, but also to guide cell behavior and fate.
Therefore, hydrogels able to change their biological and/or physical properties along the different
stages of cell engraftment and tissue regeneration are much awaited. In this context, the exploration
of molecular self-assembly constitutes a highly promising strategy, once by being mediated by
multiple weak and transitory interactions the supramolecular hydrogel structure can be easily
reconfigured.

Another advantage of these synthetic hydrogels is that they can be combined with a number of
bioactive molecules, including ECM proteins, growth factors or drugs that can additionally or
synergistically modulate cell behavior and fate. Unsolved is the spatial and temporal control over the
availability of these cues. These would allow the mirroring of those observed in the native ECM in the
context of repair/regenerative processes in which gradients of biochemical and physical cues are key
players of the process.

In conclusion, the development of biomimetic synthetic self-assembled hydrogels is rapidly
progressing, supported in part by technology advances in the field of recombinant proteins, solid-
phase synthesis and polymer chemistry. In particular, with hybrid hydrogels one can combine the
advantageous properties of biological (macro)molecules with the tunable and reproducible structural
and mechanical features of synthetic polymers, conferring superior properties to the resulting
systems. However, when envisaging the use of such hydrogels for cellular therapies, mimicking the
complexity and functionality of the natural ECM without compromising important features for
application in a clinical setting, like injectability, still remains a major challenge.
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Figure 1. Engineered protein-based self-assembled hydrogels. A) Self-assembly of elastin-like
polypeptide (ELP)-based hydrogels. Temperature triggered self-assembly occurs at temperatures
above the Tt, leading to the formation of an insoluble and highly viscous coacervate. Adapted from
[61]. Chemical cross-linking self-assembly is mediated by the reaction between the lysine-containing
ELPs and the amine reactive cross-linker. Adapted from [62]. B) Self-assembly of leucine zipper
coiled-coil domains. Representation of the heptad repeat sequence (abcdefg), as well as the
interactions guiding the formation of leucine zipper coiled-coil domains. The physical association of
the formed structures will favor the development of an engineered hydrogel network. Adapted from
[47]. C) Self-assembled hydrogels based on amphiphilic block co-polypeptides composed by
alternating charged and hydrophobic amino acids (K.L,). Self-assembly is mediated by the
hydrophobic interactions between o-helical domains. Adapted from [56]. D) Schematic
representation of mixing-induced two-component hydrogel. WW domains form a physically cross-
linked network with proline-rich peptide (PPxY) domains, under physiological conditions, being that
the strength of this interaction varies according to the specific WW domain used. WW domains are
linked by hydrophilic spacers containing the RGDS cell-adhesion motif. Adapted from [59].
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Figure 2. Peptide-based self-assembled hydrogels. A) B-sheet forming ionic self-complementary
peptide — RADA16 (PuraMatrix™). Self-assembly into highly porous B-sheet nanofibrous scaffolds
occurs through the formation of hydrophobic and ionic interactions. Adapted from [105]. Electron
microscopy image of RADA-16-based nanofibrous scaffold. Reproduced from [106], with permission
from Elsevier. B) Amphiphilic triblock peptides. The hydrophobic central block (B) mediates the self-
assembly process through the establishment of hydrophobic interactions between triblock peptides
(resulting in peptide dimers), as well as hydrogen bonds among peptide dimers along the fiber axis.
The hydrophilic A block is composed by charged lysine residues that will affect the conditions
required for peptide self-assembly at physiologic conditions. Adapted from [84]. C) Chemical
structure of a self-assembling peptide amphiphile (PA) comprising four key structural domains.
Molecular representation of an IKVAV-PA molecule and it's self-assembly into long and stable
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nanofibers. Reproduced from [67], with permission from American Association for the Advancement

of Science.
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Figure 3. DNA-based self-assembled hydrogels. A) Two complementary single strands hybridize,
based on Watson-Crick base pairing rules - adenine (A) with thymine (T) and guanine (G) with
cytosine (C) — forming a double-stranded DNA molecule. B) Sticky-end self-assembly of branched
DNA molecules mediated by DNA ligase. Adapted from [109]. C) Single-stranded DNA molecules
hybridize into a monomeric double-stranded DNA building block, who's self-assembly occurs
through the interaction between complementary sticky-ends. Adapted from [113].
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Figure 4. Hybrid hydrogels. A) Hybrid hydrogels based on pHPMA-g-B-sheet-RGD complementary
copolymers. The self-assembly of these copolymers is driven by the formation of hydrogen bonds
among grafted B-sheet peptides. Adapted from [132]. B) Hybrid hydrogels comprising pHPMA
hydrophilic polymer grafted with a pair of oppositely charged coiled-coil forming peptides (CCE and
CCK). The self-assembly into highly-ordered hydrogels is mediated by antiparallel heterodimeric
coiled-coil association. Adapted from [130]. C) Self-assembly of four-arm PEG copolymers by base
pairing between the two complementary nucleotides (adenine and thymine). Adapted from [116].
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Table 1. Main outcomes of in vivo biological performance of self-assembled hydrogels as 3D scaffolds

for cell transplantation and/or endogenous cell recruitment.

:;-
W

Application Hydrogel Cells In vivo model Main outcomes Ref.
Crosslinked  ELPs  were
Goat model of rapidly degraded (within
Chemical cross-linked picly: deg _( 3
ELPs - osteochondral months),  allowing  cell [133]
defect infiltration and endogenous
matrix deposition
Allowed the infiltration and
integration of endogenous
Rabbit model of g . d .
stem cells, favoring matrix
SELP - osteochondral . ] [134]
defect remodeling (evidenced by
efec
the production of type |
collagen and proteoglycans)
Cartilage
J . Hydrogel remained for 6
rengeneration L
weeks after the injection.
Rat model of knee Promoted
KLD-12 MSCs " . [135]
osteoarthritis chondroprotection
(contributed to
prevent/reduce chondrocyte
apoptosis and inflammation)
Poly(L-lactide-co-¢- Stimulated  chondrogenic
caprolactone) scaffolds differentiation of BMSCs
] Subcutaneous .
+ mixture of KLD-12 ) ) and deposition of
BMSCs implantation  at [136]
and KLD-12-collagen )
) ) 8 mice dorsa
mimetic peptide chondral ECM (e.g.
(CMP7) glycosaminoglycans)
Favored the adhesion,
proliferation and
Demineralized  bone , .
Bone . . ) Mouse model of differentiation of
matrix modified with MSCs [137]

regeneration
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osteogenic cells (MSCs) and
growth factors, namely bone

morphogenetic  protein-6,
platelet-derived growth
factor-BB, vascular
endothelial growth factor
(VEGF) and fibroblast
growth factor)
Bone regeneration/
Goat model of remodeling was efficiently [138]
1
femoral defect completed at 16-weeks post 3
injury
. Increased bone formation
RGDS + Phosphoserine Rat model of
- was observed 4 weeks after [139]
-PA femoral defect o
injury
No significant  cytotoxic
. effect to cells was observed.
Ti-6Al-4V
macroporous structure Rat model of
i ) MC3T3-E1 Promoted de novo bone [140]
filled with RGDS + femoral defect o
) formation in and around the
phosphoserine-PA ) ) )
implant and of angiogenesis,
within 4 weeks
No detectable toxicity or
adverse tissue response.
K180|—zo
Degraded and cleared over 8
- Mouse forebrain weeks. 6
Amphiphilic diblock co- (5]
olypeptide
POTYPEP Allowed gradual infiltration
Nerve ]
. of endogenous endothelial
regeneration .
and glial cells
Promoted NSCs migration
Heparin-RGD-4-arm Rat brain and neuronal differentiation,
NSCs o [241]
PEG parenchyma as well as axo-dendritic

outgrowth.
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Good histocompatibility
Supported  survival and
differentiation of
transplanted NPCs, as well
as their integration into the
host tissue.
K,(QL)sK,(QL)e Neuroprotective effect
Neural Rat model of (reduction of inflammation
lonic self- progenitor cells spinal cord injury and astrogliosis and [142, 143]
complementary (NPCs) (SCl) preservation of motor
peptide neurons).
Reduced of cystic cavity
volume.
Promoted of  forelimb
functional recovery
Supported survival,
migration and
differentiation of
transplanted SCs and NPCs.
Schawnn cells
RADA16 Rat model of SCI [144]
(SCs) and NPCs
Promoted axonal growth,
angiogenesis, as well as
robust migration of
endogenous cells.
Created a  permissive
environment for axonal
Hamster model of regeneration and
RADA16 - an optic tract reconnection to target [145]
lesion tissues.
Functional return of vision
Improved survival,
Rat model of brain proliferation, migration and
IKVAV-RADA16 NSCs o , o [146]
injury neuronal differentiation of
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Promoted  brain  tissue
regeneration after 6-weeks
post-transplantation
Hindered glial scar
formation.
Mouse model of )
IKVAV-PA - sl Promoted regeneration of [147, 148]
motor and sensory axons.
Improved functional
recovery
Induced keratocyte
Rabbit corneal ) . Y
migration, stromal
YIGSR-PA - stromal  pocket ] [149]
regeneration, and collagen |
model )
synthesis
Promoted the alignment,
proliferation and migration
Rat model of of transplanted SCs, as well
PLGA tube filled with "t P
] SCs sciatic nerve as axon alignment. [150]
aligned RGDS-PA
defect
Significant  recovery  of
motor and sensory function
Human
induced Supported hiPSC-EC
L pluripotent survival and proliferation.
Mixing-induced  two-
t hvd | stem cell- Mouse model of [264]
componen rogels 151
P yarog derived hindlimb ischemia Reduced  necrosis  and >
—8-arm PEG . . ; b
endothelial inflammation with improved
cells  (hiPSC- muscle tissue regeneration
Cardiac ECs))
regeneration
Supported the
Stem cells ) o
) differentiation of Sca-1
antigen-1 (Sca- Mouse model of . . )
. . positive cardiac progenitors
RADA16 1) positive myocardial ) . [152]
) ) . into cardiomyocytes and
cardiac infarction
. vascular smooth muscle
progenitors
cells.
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Inhibited apoptosis,
promoted angiogenesis and
myocardial regeneration.
Restoration  of  cardiac
function

Subcutaneous

Creation of a permissive
microenvironment for sub-

VEGF-mimetic peptide

Poly(caprolactone ) ) ATDPC survival,
adipose tissue- Mouse model of ] )
methacryloyloxyethyl ) ) proliferation and
. derived myocardial ) L [153]
ester) (PCLMA) matrix ) ) ) differentiation along the
) ) progenitor cells infarction o
filled with RADA16 cardiac lineage.
(Sub-ATDPCs)
Promoted angiogenesis
Hydrogels remained until 28
days in the injected sites.
Mice model of )
RADA16 + -Substance ) ) Promoted the recruitment
- hind limb [154]
P - RADA16 ) ) of endogenous MSCs.
ischemia
Prevented cardiac fibrosis
and induced angiogenesis
Significant functional
) ) Mouse model of )
VEGF-mimetic ) ] recovery linked to the pro-
_ - hind-limb i ) . [155]
peptide-PA ) ) angiogenic  behavior  of
ischemia
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