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Abstract: The extracellular matrix (ECM) and cells have a reciprocal relationship, one shapes the other and vice
versa. One of the main challenges of synthetic material systems for developmental cell culturing, organoid and
stem cell work includes the implementation of this reciprocal nature. The largest hurdle to achieve true cell-
instructive materials in biomaterials engineering is a lack of spatial and temporal control over material properties
and the display of bioactive signals compared to the natural cell environment. ECM-mimicking hydrogels have
been developed using a wide range of polymers, assembly and cross-linking strategies. While our synthetic
toolbox is larger than nature, often our systems underperform when compared to ECM systems with natural
components like Matrigel. Material properties and three-dimensional structure ill-represent the three-dimensional
ECM reciprocal nature and ligand presentation is an oversimplified version of the complexity found in nature.
We hypothesize that the lack of programmable control in properties and ligand presentation forms the basis of
this mismatch in performance and analyze the presence of control in current state of the art ECM-mimicking
systems based on covalent, supramolecular and recombinant polymers. We conclude that through combining
the dynamics of supramolecular materials, robustness from covalent systems and the programmable spatial
control of bio-activation in recombinant ECMmaterials, the optimal synthetic artificial ECM could be assembled.

Keywords: Bioactive materials · Cell–material interface · Extracellular matrix · Polymer hydrogels ·Synthetic
cell niches

1. Introduction

All biological materials are assembled
from a small library of building blocks pro-
grammed by DNA. The simple four-base
code found in our genetic material is trans-
lated into architectures that possess a wide
range of materials properties and showcase
complex dynamic robustness. Mimicking
this level of programmable control in syn-
thetic materials is challenging even with
modern developments in chemistry and the
availability of a larger engineering tool-
box. When aiming to develop biomaterials
that display the same degree of sequence
and property control that nature offers,
programmable control of polymerization
and bio-activation is required.

Cells rely on their extracellular matrix
(ECM) which consists of several glycopro-
teins like collagen, fibronectin and lam-
inin,[1] to direct proliferation, adhesion and
migration.[2–4] Combining these proteins,
the natural ECM has incredibly versatile
functionality resulting in specific niche
stiffness and spatio-temporal control of bio-
active cues.[1,5,6] Biomaterials that mimic
the ECMhave an influence on cell behavior
through their stiffness and elasticity, report-
ed as Young’s modulus (E)[7,8] and robust-
ness, e.g. degradability and adaptivity.[9]
Apart from the physical properties, bio-
materials require bio-functionalization to
imitate key properties of the natural ECM
necessary for cell-adhesion and prolifera-
tion. Ligands mimicking natural ECM mo-
tifs are often included in biomaterials;[10]
however, control in spacing and orientation
is limited by polymerization and chemical
conjugation techniques.

Matrigel[11] is currently the gold stan-
dard in artificial ECM materials. While
ill-defined from an engineering stand-
point, it offers a well-defined and highly
functional matrix from the cell’s perspec-
tive. However, the carcinoma origin re-
stricts future therapeutic translation. Many
synthetic efforts have been undertaken
to mimic the programmable natural ma-
trix,[12] though often without the desired
cellular outcome (Fig.1). Introducing pro-
grammability in biomaterial design seems
to be a parameter that is generally lacking
and might be a reason why many attempts
in ECM-mimicking hydrogels fail to ac-

curately interact with the living subjects.
In this review, we analyze state-of-the-art
ECM-mimicking materials and search for
programmable control within these sys-
tems. Through careful comparison of syn-
thesis, material properties, bio-function-
alization and cell interaction, we extract
design parameters that aim to improve our
understanding and control of the cell-ma-
terial interplay to enable future advances in
artificial ECM engineering.

2. ECM-mimicking Materials

The most prominent materials property
of an ECM-mimicking hydrogel is matrix
stiffness. Only materials with a specific
stiffness are able to propagate and direct
mechanosensitive differentiation by guid-
ing nuclear stiffness and expression pat-
terns.[13] Tissue function is directly cor-
related to mechanical properties, and ev-
ery specific tissue niche shows a defined
range in stiffness: for example, neurons
have a stiffness E of 0.05–0.3 kPa,[14] ver-
sus 12 kPa in muscles,[15] and 20–110 kPa
in bone.[16] Besides stiffness, the level of
stable and controlled adaptive remodel-
ing, e.g. dynamic robustness, influences
cell development. Natural ECMs undergo
continuous remodeling by developing cells
and growing tissues, while retaining their
structural integrity.[17] Finally, charge and
hydrophilicity determine adhesion or re-
pulsion and influence cell fate.[18]All these
properties are optimized in the natural
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ate a functional Matrigel-like hydrogel.
Hydrogels in a stiffness range of 0.3–1.7
kPa and degradable PEG-alginate gels
were produced. Dynamics are introduced
through ester-based hydrolysis of the PEG
hydrogel and by using alginate lyase for
PEG-alginate degradation. Depending on
the exact choice of the employed compo-
nents, the polarity of the material can be
altered. The programmability of degrada-
tion, through ester-based hydrolysis, is at
the same level of matrix metalloproteinase
(MMP)-degradable hydrogels and, while
their synthetic matrix shows tremendous
potential, due to its heterogeneous nature
of degradable components, the program-
mability remains a challenge.

Hyaluronic acid-gelatin hydrogels[22]
with disulfide cross-links can be modu-
lated through reduction with dithiothreitol
(DTT) and enzymatically through collage-
nase, hyaluronidase, or incorporation of
MMP degradable motifs. The stiffness of
acrylated hyaluronic acid gels with MMP
motifs ranged from 2.5–30 kPa[23] and in
later work expanded to 4.4–91.6 kPa.[24]
Due to the hyaluronic acid base, these ma-
terials are hydrophilic and anionic. The
extensive biodegradability and addition of
MMP provides a higher degree of control
of degradation than found in Lutolf’s ma-
trix, however, they are less controlled than
photo-tunable and void hydrogel systems.

P o l y (N - i s o p r o py l a c r y l am i d e )
(PNIPAAm) is one of the most studied
thermosensitive hydrogels and displays a
lower critical solution temperature (LCST)
at 32 °C, which introduces unique material
properties. At low temperatures, the mate-
rial behaves like a liquid, is hydrophilic,
and can be easily processed. When heated
above the LCST, the polymer collapses
to a dehydrated, hydrophobic state, los-

formation. Void hydrogels are assembled
through calcium sulphate crosslinking of
RGD-modified alginate and unmodified
or slightly irradiated alginate (to reduce
the molecular weight). To create ‘voids’,
high guluronic acid (GA)-content algi-
nates were partly oxidized into small gel
beads (which rapidly degrade in situ) and
added to the alginate material. Irradiation
of the unmodified slowly degrading bulk
gel resulted in a wide range of stiffness,
spanning from 5–110 kPa.[21] The GA-
alginates create a temporal change in po-
rosity making this material robust yet dy-
namic, as degradation is location-specific
and tunable by the spread of GA beads.
The use of alginate as the main backbone
imposes a negative charge on the bulk ar-
chitecture. Programmability in this system
results from irradiation and oxidation of
the bulk gel and GA-alginate gel respec-
tively, allowing for independently creating
gels with a different stiffness, pores, and
degradation rates.

Photo-tunable hydrogels depend on ex-
ternal light to modulate their stiffness by
degradation. The stiffness of photo-tunable
hydrogels can thus be modulated by the
exposure to irradiation, which provides a
moderate programmable control of prop-
erties. A di-photodegradable acrylate PEG
cross-linker allows for a directly tunable
stiffness, decreasing from 10 kPa to 2 kPa
in a dose-dependent fashion.[9] Because of
the use of a PEG backbone, no charge is
present and the resulting architectures are
anti-fouling.

Recently, the Lutolf group devel-
oped the first synthetic matrix rivalling
the Matrigel standard.[19] In their ap-
proach, PEG polymers were enriched
with fibronectin, laminin-111, collagen
IV, hyaluronic acid, and perlecan to cre-

ECM but need to be controlled in the de-
sign of synthetic analogues. Bulk constitu-
ents of ECM hydrogels can be natural (e.g.
collagen, fibronectin, Matrigel), bioactive
polymers (e.g. alginate, hyaluronic acid,
heparin, etc.), synthetic polymers (e.g.
PEG, acrylate, acrylamide, PLGA, etc.),
or a combination thereof. In order to ex-
plore current day progress towards a well-
defined and programmable nature in ECM
mimicking hydrogels, we will categorize
the employed materials based on type of
cross-linking.

2.1 Programmable Material
Properties in Covalent Polymer
Hydrogels

A plethora of different types of hydro-
gels exist that are cross-linked through var-
ious chemical mechanisms and built from
constituents with a wide range of inherent
properties. Covalent polymer hydrogels
are chemically cross-linked and can be
covalently bio-functionalized. Often these
gels have one main constituent and there-
fore a controlledYoung’s modulus defined
by the polymer chain length and cross-
linking density. The range in stiffness of
synthetic hydrogels developed to mimic
the ECM is enormous, spanning five orders
of magnitude from 0.3 kPa[19] to 8 MPa.[20]
In what follows, a selection of covalent
polymer hydrogels showcasing state of the
art systems, void hydrogels, photo-tun-
able hydrogels, matrix metalloproteinase
(MMP) degradable hydrogels, hyaluronic
acid-gelatin hydrogels, as well as the first
synthetic system performing comparably
to Matrigel will be reviewed and analyzed
for their programmability.

Through incorporation of quickly de-
grading gel beads into a stable bulk hydro-
gel, voids can be formed that enable niche

Artificial ECM mimicking materials without programmable control: Nature:

Spatial ligand control:
Cell survival

Mismatched ligands:
Cell death

Random ligand spacing:
Cell death

No bioactive ligands :
Cell death

Fig. 1. Schematic representation of the engineering challenges in biomaterials; only with a perfect spatial control of bioactive ligand presentation, cells
receive the necessary cues for proliferation and differentiation. When the material lacks bio-active cues (anti-fouling), if the cues are present but incor-
rectly spatially positioned, or when non-matching bio-actives are displayed, cells will not be able to interact with the material and experience cell death.
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drogels with a stiffness range of 0.1–30
kPa[29] were obtained, with the negative
charge of DNA conferring a similar over-
all negative charge to the hydrogel. DNA
as cross-link is reversibly tunable through
pH and temperature. Due to the per-base
modulation of cross-links, programmable
control over this type of cross-link versus
covalent cross-links is a clear benefit for
property design. DNA as a material shows
great potential for future engineering of
functional materials. Branched forms such
as Holliday junctions[42] can be used to
add complexity in the crosslink providing
a new toolbox in hydrogel design.

Bulk DNA hydrogels are made from a
network solely comprised of DNA strands,
and reportedly exhibit a stiffness in the rel-
evant range from 1.5–41.5 kPa.[43] These
hydrogels are likewise degradable through
pH and temperature and, due to the use
of DNA as the sole component, display a
dominant negative charge. The program-
mability of such hydrogels is extraordinary
as every nucleotide base can be addressed.
Additional programmable control is pro-
vided by the various branching proper-
ties; X, Y and T shaped junctions in the
branched regions further impose control
over the DNA hydrogel network.[41]

2.3 Programmable Control in
Recombinant Protein Materials

A class of biomaterials that uses the
programmable natural toolbox are protein-
engineered polymers. Their tunable nature
enables programmable tailoring of a range
of biomaterial properties, creating an in-
teresting alternative approach to synthetic
polymers and natural scaffolds. The units
that make up the polymer are derived from
natural ECM proteins, but can be mix-and-
matched into a new DNA plasmid, trans-
fected into an organism of choice, and
expressed and purified to yield a biopoly-
mer with exact molecular-level sequence
control. Because of the modular design
strategy of protein-engineered biomateri-
als, these scaffolds can be easily modified
to introduce and fine-tune cell-adhesion,
elasticity and degradability.[44] Through
this modular design, recombinant protein
hydrogels possess a great degree of in-
herent programmability. By interspersing
degradable motifs at arbitrary sites in the
protein, the recombinant hydrogels dem-
onstrate the highest level of programmable
control of all systems reviewed.

Elastin is one of the most abundant
elastomeric proteins, and provides tensile
strength and elasticity to tissues such as
connective tissues, lungs, skin, and blood
vessels.[45] The precursor of elastin is tro-
poelastin, which is comprised of the hydro-
phobic pentapeptide repeats Val-Pro-Gly-
X-Gly (VPGXG, where X is a hydropho-
bic amino acid) and alanine-rich domains

hydrogels using the quadruple hydrogen-
bonding 2-ureido-4[1H]-pyrimidinone
(UPy) unit[34] were generated by end-func-
tionalization of the UPy with polyethylene
glycol (PEG), spaced and shielded by a
hydrophobic alkyl pocket and decorated
with a urea motif primed for lateral hy-
drogen bonding.[35] Mechanical properties
range from 3 kPa[35] to 22 kPa[36] and can
be tuned by length of alkyl spacer and the
molecular weight of the PEG. The supra-
molecular nature allows for a controlled
and simple incorporation of bioactivity
(vide infra).

A second supramolecular unit that is
used as cell-supportive and instructive ma-
terial are the peptide amphiphiles (PAs) de-
veloped in the Stupp laboratory.[37] These
peptide amphiphiles contain an aliphatic
hydrocarbon chain with a peptide block
that contains a hydrophobic sheet-forming
sequence, 1–3 charged amino acids that
improve water solubility, and a bioactive
signaling epitope. The self-assembled fi-
bers yield scaffold materials that support
cells and can signal cells for differen-
tiation when bioactive cues are included
(vide infra).[38] Programmable control of
properties is found in the balance of pep-
tide versus chain sizes, peptide sequences
and mixing of different PA entities into a
heterogeneous fiber. Mechanical proper-
ties are reported as storage modulus in the
range of 200–1000 Pa,[39] charge and po-
larity are controlled by the nature of the
amino acids.

Besides peptide amphiphiles, supra-
molecular ECM-mimickingmaterials have
been self-assembled solely by peptides.
Using the secondary structure of β-sheets,
peptide sequences can be designed (pro-
grammed) to generate multifunctional hy-
drogels, displaying mechanical properties
(storage modulus) of 20–123 kPa.[40] The
stiffness could be controlled through cross-
linking peptides bearing orthogonal reac-
tive groups with heterobifunctional cross-
linkers. Although programmable through
peptide design, this approach diverts the
system from true supramolecular to mixed
covalent/supramolecular.

As the base of our genetic code, DNA
is a versatile material; the deoxynucleo-
tides form double stranded-helices with
features such as stability, flexibility, and
precise programmability, which render
them suitable for ECM-mimicking hydro-
gels.[41] DNA can be the main constituent
of a hydrogel, the cross-link or both. By
5'-end functionalization with acrydite, the
DNA strands have been covalently coupled
to a polyacrylamide base to allow hydro-
gel formation. The (DNA) crosslinks are
tunable per base, as every nucleotide pair
can be programmed. By changing the
level of cross-linking and the length of
the cross-link (e.g. the DNA strand), hy-

ing 90% of its volume. When cross-linked
with acrylamides, a soft thermoresponsive
hydrogel network is formed. To use this
as a cell-supportive biomaterial and ob-
tain material properties in the biologically
relevant range (0.5–10 kPa), pNIPAAm
needs to be copolymerized with biode-
gradable and hydrophilic polymers like
poly(amidoamine), PEG and pNIPAAm-
PEG/alginate mixtures.[25] In the PEG-
copolymer composition, the hydrogel is
commercially available under the name
of Mebiol Gel.[26] Control of properties
in pNIPAAM itself is limited; system
properties are defined and adjusted by the
choice of copolymers or mixed-in poly-
mers.

2.2 Programmable Material
Properties in Supramolecular
Architectures

The thermodynamic, kinetic, and me-
chanical properties of polymers found in
biology are the result of supramolecular
interactions. Matching the sophistication
of supramolecular polymerization in na-
ture is still a grand challenge in synthetic
polymer engineering. Synthetic polymer
systems can contain biomolecular build-
ing blocks (e.g. peptide chains, proteins,
biological macrocycles, and DNA) and
utilize the intermolecular binding motifs
in their supramolecular polymerization.
Due to the supramolecular nature of the
cross-links and bio-functionalization, hy-
drogels can possess inherent dynamics,
exemplified by tunability through pH[27]

and temperature.[28] The Young’s modulus
reported for supramolecular ECM mim-
ics spans six orders of magnitude from
0.1 kPa[29] to 49 MPa.[30] Synthetic supra-
molecular polymers have classically been
subdivided according to varying criteria,
such as the physical nature of the intermo-
lecular interactions, the type of monomer
building blocks, or the thermodynamics of
polymerization.[31]Here, we focus on three
ECM-mimicking materials systems based
on supramolecular polymers that rely on
a mechanistically different primary bind-
ing motif that governs their formation: (i)
hydrogen-bonding motifs, (ii) peptides,
and peptide amphiphiles, and (iii) systems
based on DNA (self-assembled through
a combination of hydrogen-bonds, π–π
stacking, and hydrophobic interactions).[32]

When hydrogen-bonding units are
transferred to aqueous medium, the sol-
vent competes with the hydrogen-bonding
array of the synthetic molecules, signifi-
cantly decreasing the strength and stability
of this interaction. To achieve robust su-
pramolecular polymerization in an aque-
ous environment, the hydrogen-bonding
motif needs to be surrounded by a hydro-
phobic microenvironment, which shields
it from water.[33] In the Meijer laboratory,



Polymer, Colloid, and interfaCe SCienCe CHIMIA 2017, 71, No. 6 345

differentiation,[61] rather than protein teth-
ering. However, bioactive cues are neces-
sary for selective cell adhesion, instruc-
tion, and proliferation.[62,63] Anti-fouling
polymer hydrogel systems need to be bio-
functionalized to become suited for cellu-
lar support. Bio-recognition sites in natural
ECM polymers are spatially well-defined
and abundant; likely it is this heteroge-
neous composition of spatially defined
active sites that makes Matrigel advanta-
geous for tissue engineering compared
to synthetic materials. Controlled bio-
functionalization of synthetic hydrogels
therefore will provide a means to im-
prove ECM performance. We continue our
analysis on the previously described sys-
tems for programmable ligand incorpora-
tion.

3.1 Identities of Bio-active Ligands
The main bio-active cues used for ma-

terial functionalization have been identi-
fied and derived from natural ECM pro-
teins, with the RGD sequence as classic
motif. The RGD peptide was identified
from the fibronectin cell-binding III

10
and

recognized by combinations of αβ integ-
rins.[64]When the RGDmotif is coated on a
surface, it modulates cell adhesion through
valency[65] and distribution,[66] showcas-
ing the need for spatial organization of
the RGD motifs. In addition, the PHSRN
peptide was identified as a synergistic re-
gion for the RGD motif and both are pres-
ent on fibronectin separated by a 30–40 Å
distance.[67] When examining the effect of
this synergistic effect on osteoblasts (using
a ~40Å G

13
linker as spacer), the combina-

tion of RGD and PHSRN improved adhe-
sion, spreading, and focal contact forma-
tion versus RGD alone.[68]Many other bio-
active regions for cell adhesion have been
recognized on natural proteins, the α

4
β
1

binding LDV and REDV[69] motif (identi-
fied from fibronectin), the α

M
β
2
binding

KRLDGS motif (identified from fibrino-
gen), the α

2
β
1
binding by YGYYGDALR

and FYFDLR (identified from laminin and
type IV collagen respectively). Despite
these other candidates, RGD has obtained
the central role in adhesion biology by
1) being the earliest discovery of a small
binding motif that binds integrins and 2)
being able to bind the largest number of
different integrins as compared to other
binding motifs (about 40% of the now 24
established integrins).[64] Recreating the
synergistic effect of RGD with PHSRN
had proven advantageous, but leaves out
many of the other instructing cues found in
the natural ECM andMatrigel. To close the
gap in performance of synthetic materials
versus Matrigel, the introduction of addi-
tional motifs with correct spatial organiza-
tion should imitate the natural ECM more
accurately.

(Phe) sites encoded within the elastin-like
domains of the protein served as sites for
the incorporation of the non-canonical ami-
no acid p-azidophenylalanine. Ultraviolet
irradiation yielded cross-linked elasto-
mers with moduli in the range of 0.3–1.0
MPa that could be tuned through varia-
tion in exposure time and N

3
Phe content.

Mammalian cells adhered selectively to re-
gions of the surface patterned with protein,
and were absent from the other regions of
the material. Although it is possible to
program non-natural amino acids into re-
combinant proteins, challenges still exist
in the production of large-scale quantities
of materials through recombinant tech-
niques.

Combinatorial recombinant protein hy-
drogels offer another aspect of tenability
and programmable control. By combin-
ing three distinct fibril-forming proteins
a more heterogeneous hydrogel can be
formed. Fibril-forming proteins were ini-
tially produced in P. pastoris, both func-
tionalized and non-functionalized. When
mixed at high protein concentrations
(more than several g/L), gels form due to
an entanglement of long fibrils and weak
physical cross-links, yielding a range of
low elastic moduli of 0.5–1.5 kPa.[53] At
low pH, the fibrils are soluble due to the
positively charged histidines but once the
charges are neutralized at neutral pH some
domains form secondary structures like
β-sheets. The system is fairly programma-
ble due to its modular design principle and
the prospect of heterogeneous hydrogels is
promising (due to its closer resemblance to
nature) but the lack of control over cross-
linking and spatial distribution of bio-func-
tionalization requires attention.

2.4 Overview of Bulk Properties in
ECM-mimicking Systems

Programmability in materials proper-
ties can be achieved in both covalent and
physical hydrogel systems, and generally a
stiffness matching that of natural tissue can
be achieved (Table 1). Adaptive yet robust
behavior in covalent synthetic systems has
been demonstrated through the introduc-
tion of enzyme-degradable or chemically
instable cross-links. The systems discussed
show a wide range in mechanical proper-
ties covering almost the full natural spec-
trum. However, the synthesis of very soft
but stable hydrogel architectures remains
a challenge, and one likely to be important
for the next step in true ECM mimicking
architectures.

3. Strategies for (Controlled)
Bio-functionalization

Current work re-establishes that stiff-
ness of a material is the defining factor for

containing lysine.[46] Such pentapeptide
repeats have been used as the building
blocks to construct elastin-like polypep-
tides (ELPs), (VPGXG)

m
(where m typi-

cally ranges from 20 to 330). Following
pioneering work on ELP polypeptides
accomplished by Urry and co-workers,
ELP-based protein hydrogels, including
their structure–function relationship and
potential in biomedical application, have
been heavily investigated.[47] VPGXG se-
quences are among the best-characterized
building blocks within the class of ELP-
based materials, and have been widely
used in hydrogel construction.[48]

Recombinant protein hydrogels with
a modular design based on elastin-like
sequences have been engineered by
Heilshorn et al.[49] Protein sequences with
elastin-like sequences, bio-active sites and
cleavage sites were expressed and purified
in E. coli after which they are crosslinked
through NHS ester and primary amine
reactions. The resulting hydrogels have
a range in elastic modulus of 46–63 kPa.
These hydrogels were designed for neu-
rite outgrowth, and local degradation was
modulated by the presence of cleavage
sites vulnerable to a protease secreted from
the tips of growing neurites. Due to the re-
combinant protein nature, this hydrogel
exhibits an inherent programmable nature
where sequence control precisely defines
hydrogel properties.

Materials developed in the Tirrell lab
display an additional level of programma-
ble control in properties. Next to sequence
control through genetic engineering, site-
specific and/or residue-specific incorpora-
tion of unnatural amino acids was shown
to allow for the tuning of the material’s
stiffness. The methods are complemen-
tary: residue-specific incorporation allows
engineering of the overall physical and
chemical behavior of proteins and protein-
likemacromolecules, whereas site-specific
methods allow mechanistic questions to
be probed in atomistic detail.[50] Artificial
extracellular matrix proteins constructed
from alternating CS5 cell-binding domains
(from fibronectin) and (VPGIG)x domains
(from elastin) were cross-linked through
site-specific cross-linking with hexameth-
ylene diisocyanate in dimethylsulfoxide.
Since the primary amine functional groups
were located only at the ends of the pro-
tein, amine-selective reagents should be
capable of cross-linking the proteins with-
out disrupting the cell binding domains.
Elasticities in the range of 300–1000
kPa[51] were reported, matching properties
of natural elastin (300–600 kPa).[52]

Materials from similar artificial ex-
tracellular matrix proteins modified with
variable amounts of the unnatural amino
acid p-azido-Phe (N

3
Phe) were developed

by the same group.[51] The phenylalanine



346 CHIMIA 2017, 71, No. 6 Polymer, Colloid, and interfaCe SCienCe

3.2 Covalent versus Supra-
molecular versus Integrated Ligand
Presentation

Bio-functionalization can be either
covalent, through supramolecular interac-
tions or integrated in the recombinant pro-
tein domains (Fig. 2). Covalent bio-func-
tionalization limits the dynamic relocation
of bioactive cues on the material, however,
the presentation is very stable. When in-
cluded in monomer-design, spacing can be
varied by the polymerization mechanism
and introduction of block-copolymers,[21]
where one block is functionalized, and the
other not (or orthogonally presenting a
different signal). Although spacing can be
varied to some extent, functional program-
mable control over spacing and hetero-
geneous presentation of bioactive ligands
through covalent synthesis has not been
achieved to date.

Bio-functionalization in covalent sys-
tems is generally achieved through classic
conjugation chemistries. Examples found
in the hydrogel systems discussed in sec-
tion 2 include amide bond formation (void
and phototunable hydrogel), maleimide
chemistry using thiol-functionalized RGD
groups (hyaluronic acid gels) and end-
functionalized transglutaminase coupled
with PEG (Lutolf’s synthetic matrix).

Control over ligand density and spacing in
these systems is limited to the availability
of active sites in the polymer and cannot
(fully) be programmed without the loss of
bulk material properties. For pNIPAAm-
based architectures, functionalization is
achieved through co-polymerization or
mixing with different polymers that allow
for direct functionalization, limiting this
system in its programmable control over
ligand spacing[70] (Table 1).

While many biological systems excel
at controlling supramolecular polymeriza-
tion, synthetic chemistry provides a library
of functional groups not found in nature.
Synthetic supramolecular polymers are
able to combine the best of two worlds:
bioinspired functionality from natural sys-
tems and the accessibility and features of
synthetic compounds. In DNA-based ma-
terials, this is possible through the choice
of nucleotides (A-T/C-G, with 2 or 3 hy-
drogen bonds respectively). ForUPy-based
networks, bioactive cues can be introduced
using UPy/diUPy functionalization (with 4
and 2×4 hydrogen bonds respectively). In
the peptide amphiphile system, the bioac-
tive peptides are abundantly present and are
integrated in the fiber self-assembly pro-
viding the necessary bioactive cues yet are
spatially uncontrolled.[40] For the β-sheet

peptide hydrogels, RGD-extensions on
the peptide-aggregating domains were
included and the growth of cells could be
modulated. However, the precise spacing
of the functional elements on the fibers
remained unknown and uncontrolled.
Supramolecular bio-functionalization is
inherently dynamic, and the strength be-
tween the ligand and material backbone
can be tuned. However, an inherent chal-
lenge for bio-functionalization in dynamic
supramolecular systems is the dissociation
of ligands leading to loss in functionality.

Recombinant protein hydrogels are in-
herently bio-functional through coding the
presence of bioactive regions in the protein
sequence. Additional variation in ligand
density has been accomplished via mixing
of different artificial ECM proteins, dis-
playing RGD domains and inactive RDG
domains.[63] Increasing the density of RGD
domains in cross-linked films resulted in
more robust cell adhesion and spreading
but did not affect cell migration. Control
of cell-binding domain density in artificial
ECM proteins can thus be used to modu-
late cell-material interactions and serves
as an important design tool for control in
ECM mimicking materials.

Table 1. Summary of material properties found in each type of reviewed ECM mimicking hydrogel system (covalent, supramolecular, recombinant
and natural) analyzing critical properties: stiffness, robustness, anti-fouling, charge and control over bio-functionalization. The formulation of
functional synthetic ECMs is compared with parameters of the natural ECM, guiding future ECM research. (Stiffness is defined in the Young’s
modulus (E) or the storage modulus (Estorage; only for PA: peptide amphiphiles))

Type of hydrogel ECM

Property Covalent Supramolecular Recombinant Naturala

Stiffness (range) E
Void

: 5–110 kPa[21]

E
photo

: 10→2 kPa[9]

E
Lutolf

: 0.3–1.7 kPa[19]

E
HA
: 2.5–30 kPa[23]

E
HA-MMP

: 4.4–91.1kPa[24]

E
pNIPAAm

: 0.5–10kPa[25]

E
UPy

: 49 MPa[30]

E
DNAcrosslink

: 0.1–30
kPa[29]

E
DNApure

: 1.5–41.5
kPa[43]

E
storage PA

: 200–1000
kPa[39]

E
elastin

: 1.5–910 kPa[47]

E
Heilshorn

: 46–63 kPa[49]

E
Tirrel

: 0.3–1.0 MPa[51]

E
nanofibrilar

: 0.5–1.5
kPa[53]

E
neuron

: 0.05–0.3
kPa[14]

E
muscle

: 12 kPa[15]

E
bone

: 20–110 kPa[16]

Robustness Photodegradation[9]

MMP sensitive motifs[24]

Oxidation[21]

Temperature[28]

pH sensitive
regions[27]

Enzyme degradable
motifs[54]

MMP mediated
degradation[55]c

Anti-foulingb& charge Mainly anti-fouling
Inert[56]/
charged[57]

Mainly anti-fouling
Inert[56]/
charged[57]

Fouling
Variable[58]

Fouling[59]

Variable[6,60]

Controlled bio-
functionalization

Control over density, but
not spatial. Not dynamic

Control over
density but not
spacing, dynamic
redistribution

Spatial control
through genetic
engineering

Naturally defined
spacing.

aThe natural stiffness’ for which the sub cell types (neuron, muscle and bone) could propagate; bThe degree of anti-fouling is the degree to which
the material retains morphogens and adheres to non-specific targets; cIn addition to MMP degradation there are many other proteolytic enzymes
remodeling the natural ECM.
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due to the lack of spatial control in ligand
presentation, hydrogels that preserve and
present this spacing are non-existent. With
an array of active cues present in nature,
limiting ourselves to one or two peptides
might be too minimal. Perhaps our limited
success in the design of true ECMmimick-
ing hydrogels can be explained along these
lines.

Implementation of a programmable
dynamic reciprocal relationship between
the material–cell interplay is needed for
true ECM-mimicking hydrogels. Complex
combinations of several ECM constitu-
ents with functionalized PEG, as shown
by Lutolf et al.,[19] present a remarkable
functional matrix. Further advances should
focus on the introduction of programma-
ble spatial and dynamic control in ligand
presentation and copying this complex-
ity synthetically. The ideal system should
combine the dynamics found in supramo-
lecular materials, with the robustness from
covalent and the bioactive properties from
recombinant ECMs. Only when we dis-
cover how to combine all properties in a
programmable reciprocal fashion, will true
artificial ECM materials be achieved.

Received: April 28, 2017

the introduction of dynamicity. While
these dynamics can result in reciprocal
interactions, they also lead to unstable
functionalization, which makes control
over the cell–material interplay very chal-
lenging. In principle, engineered artificial
proteins could display any combination
of functions found in natural proteins in-
cluding catalysis, binding, signaling, and
transport. The ability to hybridize multiple
functions in a single protein through ge-
netic engineering and the possibility to
carefully control the spacing between ac-
tive units is an advantage over covalent and
supramolecular approaches that require
chemical modifications to make materials
biocompatible or bioactive. The program-
mable spatial control of bioactive sites in
these systems is promising but commercial
translation remains limited by expression
yields of these systems and purification
from host expression systems leading to
immunogenic reactions.

Current bio-functionalization strategies
are predominantly focused on the incorpo-
ration of RGD and its density and spacing.
However, many more bioactive peptide
sequences have been reported to assist in
cell-adhesion and instruction.[64] The exact
spacing between RGD and the synergistic
PHSRN is known (30–40 Å). However,

4. Future Thoughts on
Programmable Control in ECM-
mimicking Materials

Structure and function, material and
cells, one shapes the other and vice-versa.
This natural dynamic reciprocity shapes
developing cells into defined niches and
phenotypes. It is a concept of exchange
of information between cells and their
environment in a programmable fashion.
Without programmability, dynamic reci-
procity is not achievable. When only one-
way traffic occurs, cell and material are
not optimally interacting, and the synthetic
hydrogel is not a true ECM mimic. Many
recent advances show improvements in the
material–cell interplay through the intro-
duction of degradability and functionaliza-
tion. Dynamic crosslinks allow for simple
reciprocity and bio functionalization pro-
vides instructive signals to cells. However,
to date not one system achieves a display of
the full programmable ensemble of proper-
ties found in nature.

The challenge for further research is to
progress from degradable cross-links in the
matrix towards dynamic reciprocal inter-
actions. Both covalent and supramolecular
bio-functionalization have the same pros-
pect of spatial control but the latter offers

A: Covalent polymers B: Supramolecular assemblies C: Recombinant proteins

Fixed ligands Dynamic ligands Controlled spacing

Fig. 2. (A; Top) Covalent polymers form a static hydrogel with (potential) degradable cross links (indicated by blue X), when bio-functionalized (A;
Bottom) ligands are present at fixed locations and biological mismatches occur, resulting in suboptimal performance of the system as ECM mimic.
(B; Top) Supramolecular assemblies form hydrogels with dynamic interactions between the fibrous monomers, when bio-functionalized (B: Bottom)
the dynamic presentation of ligands allow for adjustable cell-material interactions, however spacing cannot be truly programmed and not all ligands
will be effective for cell-adhesion. (C; Top) Recombinant proteins have the position of crosslinks and bio-functionalization engineered into the modu-
lar sequences which allows (C; Bottom) for accurate spacing of cell-adhesion sites.
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