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Mimicking the extracellular world: from natural to
fully synthetic matrices utilizing supramolecular
biomaterials
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The extracellular matrix (ECM) has evolved around complex covalent and non-covalent interactions to
create impressive function—from cellular signaling to constant remodeling. A major challenge in the bio-
medical field is the de novo design and control of synthetic ECMs for applications ranging from tissue
engineering to neuromodulation to bioelectronics. As we move towards recreating the ECM's complexity
in hydrogels, the field has taken several approaches to recapitulate the main important features of the
native ECM (i.e. mechanical, bioactive and dynamic properties). In this review, we first describe the wide
variety of hydrogel systems that are currently used, ranging from fully natural to completely synthetic to
hybrid versions, highlighting the advantages and limitations of each class. Then, we shift towards supra-
molecular hydrogels that show great potential for their use as ECM mimics due to their biomimetic hier-
archical structure, inherent (controllable) dynamic properties and their modular design, allowing for
precise control over their mechanical and biochemical properties. In order to make the next step in the
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complexity of synthetic ECM-mimetic hydrogels, we must leverage the supramolecular self-assembly
seen in the native ECM; we therefore propose to use supramolecular monomers to create larger, hier-
archical, co-assembled hydrogels with complex and synergistic mechanical, bioactive and dynamic
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Introduction: the native ECM and its
mechanical, bioactive and dynamic
properties

The extracellular matrix (ECM) - the environment around cells
- dictates cell differentiation, proliferation, fate, and enables
communication within living tissue. This ECM is composed of
both proteoglycans and fibrous proteins, yielding a network
with both elastic and viscous properties. The ECM has a bidir-
ectional communication with the cell; the cell remodels the
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matrix and the matrix provides information to control cellular
behavior. Understanding, reprogramming and mimicking this
environment around cells is important to many fields - from
regenerative medicine to cancer research to wearable
electronics.' ™

Recreating the native ECM in a simplistic, controlled
manner to grow cells into complex living tissue will have many
far-reaching applications useful for personalized medicine,®
(local) immunomodulation’ and non-invasive
neuromodulation.®®° Many labs world-wide focus on mimick-
ing the ECM using sophisticated biomaterials, with pioneering
contributions by the Bhattacharya,'®"* Varghese,'>'*
Vemula,'>'® pal,'”'® Heilshorn,'*?° Anseth,>"** Burdick,***
DeForest,> Tirrell,>*®*” Lutolf,>**° Clevers,*®*' Dankers,**??
Mata,**** Mano,***” Chaudhuri***° and Mooney”"* labs. Prof.
Bhattacharya and his team beautifully leverage synthetic mole-
cular and supramolecular systems to recreate self-assembled
structures seen in biology, elegantly utilizing a wide mix of
building blocks, ranging from natural moieties, like sugar-
derived low molecular weight gelators (LMWGs)'* to two-com-
ponent hydrogels based on fatty acids and amines," all the
way towards organogels."’

In this review, we first dissect the complex features of the
ECM into simpler pieces, classified as its mechanical,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Overview of important properties of our native ECM, which is the benchmark (top).
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mimicking hydrogels with their properties. Part of the figure is created by the ICMS Animation Studio.

bioactive and dynamic properties=. After this, we discuss the
current state-of-the-art ECM mimicking biomaterials, ranging
from completely natural to intermediate hybrid to fully syn-
thetic matrices (Fig. 1). We end by taking a chemistry approach
and provide a forward-thinking perspective on how to recreate
the complexity of our ECM in a fully synthetic, controlled
fashion. Synthetic supramolecular materials allow for orthog-
onal control over their properties, such that the influence of
only one matrix property on cellular outcome can be evaluated
- making these types of materials ideal for future applications
as artificial ECM.
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The ECM's mechanical properties

Starting with the mechanical properties, the ECM is a visco-
elastic material due to combinations of different classes of
macromolecules, along with the covalent and supramolecular
interactions from which it is assembled (Fig. 1). In general, the
elastic properties are covered by the fibrous proteins such as
collagens, elastins, fibronectins and laminins, which provide
tensile strength, and serve as adhesive sites for cells.*' The
viscous proteoglycans on the other hand cover the majority of
interstitial space within the tissue in the form of a hydrated
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gel, serving a variety of functions owing to their unique
buffering, hydration, binding and force bearing proteins.** As
the concentration, variety, and hierarchical order of proteins
can differ greatly between tissues, the mechanical properties
of the ECM also show a large variation, ranging from 1.9 kPa
in the lungs*® to 20 GPa in cortical bone.**

As numerous studies show that the mechanical properties
of the ECM play a crucial role in cellular behavior, one must
realize that the cell is also a viscoelastic material.*> At short
timescales (<1 s), the mechanical response is dominated by
individual fibers and the cell behaves as an elastic solid. In
contrast, at longer timescales, processes like remodeling are
dominant and cause the cell to relax. This mechanical behav-
ior is mainly due to the properties of the cytoskeleton, a
complex network of self-assembled protein filaments in the
cytoplasm of cells. This network behaves as semi-flexible fila-
ments, with specific relaxation mechanisms and an increase
in stiffness upon an applied stress, i.e. stress stiffening, most
likely induced by molecular motors as myosin.*>*” The inter-
play between the mechanical and dynamic parameters of the
cell and ECM is proposed to play an important role in cellular
function and behavior.

Biochemical properties of the ECM

Next to the ECM’s complex mechanical properties, the bio-
chemical information of the ECM also greatly impacts cellular
behavior (Fig. 1). An abundant and important receptor that
regulates many ECM-cell interactions is the integrin
receptor.’®*® Integrins are heterodimeric transmembrane pro-
teins that consist of an a and f subunit, which are non-co-
valently attached. Structurally, they consist of an extracellular
ligand-binding domain, a transmembrane domain and a cyto-
plasmic tail. These integrins are often the first components in
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a signaling cascade; by tuning integrin-ECM interactions, e.g.
via different integrin subunits, the integrin activation state,
the binding site of the substrate and even the presence of diva-
lent cations, a large extent of specific cell-matrix signaling
dynamics are possible.?® Integrins interact with the extracellu-
lar world by binding to ECM glycoproteins, like laminin, col-
lagen and fibronectin, and transmitting this information into
the cytoplasm of the cell. Once bound, the intracellular parts
of the integrin receptors are linked to the cytoskeleton via
multi-molecule complexes known as focal adhesions, again in
a large variety of different states. Due to this, forces in the
ECM are directly transferred via integrin towards the cytoskele-
ton, changing assembly and organization of cytoskeletal
fibers, inducing signaling pathways, migration and gene
expression (both directly and indirectly).> "> While there are
over 24 integrin types, with different specificities and binding
strength towards the various ligand proteins, synthetic extra-
cellular matrices moved towards simplicity early in their devel-
opment, thus trying to unravel general common signals: in the
1980s, it was discovered that integrins only need the tripeptide
arginine-glycine-aspartic acid (RGD) sequence to obtain suc-
cessful binding and cellular adhesion.*>***> In addition, other
markers have been identified via significant work in the
cancer therapeutics space for specific integrin binders, which
provided potential power to synthetic biomaterials. Growth
factors (e.g. fibroblast growth factors (FGFs), hepatocyte growth
factors (HGFs), and vascular endothelial growth factors
(VEGFs)) can be bound to ECM proteins, like fibronectin, vitro-
nectin, collagens and proteoglycans themselves, or in combi-
nation with heparin and heparan sulphate.’®>® This results in
the ability of the ECM to induce a rapid and localized signal-
ing cascade by regulating the bioavailability of growth factors;
their distribution, activation, and presentation to cells.
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Yet integrin binding is not the whole story, the cell-ECM
interaction is a complex and dynamic micro-environment that
involves many more receptors (e.g. syndecans®®) and operates
in both directions. The cell and the matrix determine each
other’s function and course, that is the cell via constant remo-
deling and pulling of surrounding fibers and the matrix via its
specific properties in terms of mechanical stiffness, bioactivity
and dynamics. In addition, the cells can also transduce inter-
cellular generated forces via the ECM through other cells as a
way of cell-cell communication (in addition to direct cell-cell
interactions).

Dynamic properties of the ECM

Next to to the macroscopic bulk stiffness of tissues and
materials, fundamental insights into dynamics is also highly
important as the ECM itself is a dynamic, multicomponent
network, primarily held together by non-covalent inter-
actions.®® To illustrate, the proteoglycans and glycoproteins
can both store and dissipate deformation energy, while dis-
playing a time-dependent mechanical response. This results in
stress relaxation behavior when being deformed, or creep
when a mechanical stress is applied.®* Stress relaxation tests
quantify this dynamic behavior, which is measured by apply-
ing a constant deformation and measuring the stress over
time.®>®® In contrast to the wide variety in elastic moduli, the
relaxation half times of most tissues cover only a few orders of
magnitude, ie. seconds to hour,*"® except for bone.®® To
compare, most conventional synthetic polymeric hydrogels
have relaxation half times of hours or show almost no stress
relaxation at all, such as for example covalently crosslinked
polyacrylamide.®® The ECM also responds to externally applied
stresses, which is often quantified via a creep test, where a con-
stant stress is applied and the responding deformation is
measured over time.®>®® In addition, viscoelastic materials will
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show a certain recovery of the deformation, as they tend to
return to their original conformation. However, owing to their
ability to flow, they will only partially return to their initial
state, which is a measure for the plasticity of the system. In
order to translate this knowledge on the dynamics into the
design of emergent function found in the ECM, one could
think of using dynamic (e.g. supramolecular) biomaterials for
dissipating stress, while more static (e.g. covalent) bonds could
be introduced to mimic the elastic behavior found in the ECM.

In addition, it is important to note that the abovemen-
tioned properties interfere and overlap with each other, as
time-dependent behavior for both the mechanical and bio-
chemical side of the ECM is often observed. To illustrate, the
ECM’s ‘dynamic’ and mechanical properties manifest them-
selves in stress relaxation or stress stiffening behavior, which
are both fiber rearrangements leading to relaxation or stiffen-
ing of the matrix, respectively. And, depending on cellular
needs, a tight, stiff mechanical environment might be pre-
ferred for proliferation. However, later in time, a more loose,
dynamic environment with increased mesh size, decreased
stiffness and increased mobility of fibers in the network might
support and favor tissue growth and differentiation.®”*® Such
changes in network properties could be achieved through
inclusion of light- or enzyme sensitive groups in the
hydrogel.®®*7° Additionally, the dynamic or robust incorpor-
ation of different bioactive signals (e.g. ‘dynamic’ delivery of
large growth factors with many possible ligand-receptor inter-
actions or ‘robust’ incorporation of cell adhesion motifs to
withstand cell pulling forces) is important for cells. Lastly, it is
important to realize that the optimal extracellular environment
depends on cell type. For example, neural cells have different
requirements for growth and differentiation (‘soft’ environ-
ment) as compared to bone cells, which need more stiff sur-
roundings. This means that design criteria to create the
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optimal ECM mimicking hydrogel for healthy cell growth vary
and should be tailored towards cellular needs.

The summation of all these properties can lead to
increasingly complex behavior from simple ECM components
via the culmination of finely tuned molecular
interactions.®®”* Over the years, various materials ranging
from natural to fully synthetic have been created to transfer
specific ECM properties to smart materials.’®”> In this
review, we discuss the advantages and limitations of all
these materials as platform for cell culture and compare
their mechanical, bioactive and dynamic properties. For ease
of discussion, we classify the materials in natural, synthetic
covalent, hybrid and synthetic supramolecular hydrogels
according to the nature of the polymers (Fig. 1). Finally, we
provide a forward thinking perspective for the challenges in
the field, highlighting the emergence of complex function
that arises from using simple supramolecular building
blocks and the importance of dynamics.

Natural extracellular matrices

Matrices built from from natural sources are suitable as ECM
mimetics or replacements. These materials, in general, are
characterized by their powerful natural biochemical compo-
sition (which is good for cells), but they are limited in tailor-
ability and reproducibility. We briefly discuss these materials
below, highlighting how the complexity of ECM derivates has
led to the use of simple hydrogel design, allowing for more
insight into pathways and mechanisms underlying the cell-
ECM communication.

A conceptually appealing approach to mimicking the
natural ECM is to utilize ECMs derived from living tissue
(Table 1). So-called decellularized ECMs (dECMs) are biomater-
ials in which all cells are removed, leaving only the tissue’s
native microenvironment with tissue specific proteins and
microstructure.”>”* The main advantage of dECM lies in the
high resemblance to the natural ECM in terms of bioactivity.
However, the ECM’s microstructure is almost never fully pre-
served in dECMs. Besides the extensive practical steps needed
(and ethical obligations) in obtaining this ECM, the harsh pro-
cessing steps often alter the final mechanical strength. In
addition, the viscoelastic properties can very easily from batch
to batch, while the material is difficult to process into new
shapes or forms.””””® This leads to a very delicate balance
between removing as much cellular material while maintain-
ing enough bioactivity, and structural integrity. Other limit-
ations of dECMs include limited scalability, donor variation
and inflammatory reactions to the material.”®%°

The dECM, which is used most often for cell culture is
Matrigel. Matrigel is a gelatinous mixture originated from
murine Englebreth-Holm-Swarm tumors that primarily con-
sists of laminin, collagen IV and enactin.®"** Besides these
fiber-like structures that mainly provide physical support to
cells, Matrigel also consists of a variety of growth factors and
enzymes responsible for sending chemical information to
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cells. Despite Matrigel’'s excellent biological properties,
Matrigel’s ill-defined composition, tumor sourcing, complexity
and high batch-to-batch variability often leads to poor reprodu-
cibility in experiments and prohibits a clean path to clinical
use, while it also lacks the mechanical tunability that synthetic
matrices offer.®>%

Other natural polymers can be categorized into protein-
based, like collagen, carbohydrate-based, like alginate, or fatty-
acid based, like fatty-acid amides derived from naturally occur-
ring amino acids (although in organic solvents).

For the protein-based polymers, collagen restitutes the
main component of the natural ECM, consisting of amino
acids that are linked via peptide bonds and form a triple helix
via supramolecular interactions (Table 1 and Fig. 2A).
Reconstituted collagens normally come from animal sources,
with collagen I the most abundant form.** The exact mechani-
cal aspects of the hydrogel depend on the concentration, ionic
strength, temperature, pH, introduction of chemical cross-
links, dehydrothermal or UV-treatment.®>®” Besides its bulk
mechanical stiffness, collagen possesses dynamic mechanical
properties in the form of strain-stiffening behavior,*® caused
by fibers that align in the direction of the applied strain,
causing a transition from bending to streching.® In addition
to strain-stiffening, collagen shows strain enhanced stress
relaxation; higher strains do not only increase the stiffness of
the network, but also increase the relaxation speed of internal
stress dissipation, a mechanism proposed to be important for
cellular interactions (Fig. 2A).°° When subjected to com-
pression and tension tests, collagen also shows plastic behav-
ior, ie unrecoverable deformation, caused via stretch
depended deformation of the weak crosslinks in the
network.’"*? Plasticity gives cells the ability to generate perma-
nent channels in the network through pulling forces and
therefore increase the ability for cell migration.””

Avariation to collagen is gelatin, which can be obtained out
of collagen by breaking the triple helix structure into single
fibers (Table 1 and Fig. 2B).>* Similar to collagen, gelatin pos-
sesses great biocompatibility and, in addition, can easily form
a gel by lowering the temperature. However, gelatin suffers
from batch-to-batch variations and scalability. The main draw-
back of gelatin as compared to collagen is that the disruption
of the helical structure limits the physical strength of the gel
as well as its mechanical performance.

Another class of natural biopolymers often used in ECM
mimics are polymers associated with wound healing, e.g
fibrin. Fibrin shows a unique hierarchical supramolecular
protein structure (Table 1 and Fig. 2C).”* As with other natural
ECM polymers, fibrin hydrogels possess stress relaxation and
stress stiffening.”>** Unique about its stress stiffening is the
presence of various stress-stiffening regimes. At small stresses,
the crosslinks in the network (that bend due to thermal fluctu-
ations) are stretched out, leading to a linear stress-strain corre-
lation.”* At increasing stress the network stiffens non-linearly
due to an entropic stiffening response of the semiflexible pro-
tofibrils and flexible linker chains in the network. At even
higher stresses, fibers are stretched axially and crosslinks can

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Natural derived hydrogels. (A) Chemical structure of collagen, composed of three fibers that bundle into a helix. Collagen exhibits strain-
enhanced stress relaxation, i.e. at increasing strains, dissipation of the internal stress proceeds faster. Left part, adapted with permission from ref. 93,

right part, adapted with permission from ref. 90. Available under a CC-BY 4.

0. Copyright 2021 ACS. (B) Chemical structure of gelatin, obtained when

the triple helix of collagen is broken into single fibers. Adapted with permission from ref. 93. Available under a CC-BY 4.0. Copyright 2021 ACS. (C)
Composition and architecture of fibrin, which is composed of bundles of protofibrils, which in turn are assembled out of two strands of fibrin mono-
mers. This architecture gives fibrin a unique stress stiffening response: first, thermal energy fluctuations between crosslinks are dissipated, after
which the fibers themselves are stretched and crosslinks might get broken. Adapted with permission from ref. 94. Copyright 2010 Elsevier. (D)
Chemical structure of hyaluronic acid (HA). (E) Chemical structure of alginate.

be broken under increasing force without disrupting the
overall network architecture (Fig. 2C).**

Belonging to the class of carbohydrate-based natural poly-
mers, hyaluronic acid (HA) is one of the proteoglycans in the
ECM, ie. a linear polymer made from repeating disaccharides
glucuronic acid and glucosamine (Table 1 and Fig. 2D). A very
comprehensive review on HA, its properties and applications
was recently written by the Vemula lab.”> HA can be used in its
native form, but is more recently often used as HA-conjugate
and in HA-modified systems. HA is growing as a very interest-
ing ECM mimicking material and biomaterial because of its
therapeutic features, having an influential role on ECM organ-
ization and remodeling, cell growth and differentiation, pro-
moting wound healing and modulating immunological pro-
cesses like inflammation. Changes in molecular mass of HA
are known to influence molecular and cellular signaling
mechanisms and ECM remodeling processes. In addition, vari-
ations in HA’s molecular sequence cause changes in the struc-
ture, distribution and density and allows for the binding of

16296 | Nanoscale, 2024, 16, 16290-16312

specific ligands or growth factors.’® Furthermore, the negative
charge of proteoglycans attracts sodium ions and thereby
water via osmose. This keeps the cells hydrated but the water
also provides resistance against compression.”” Hydrogelation
can be induced via various pathways, ie. crosslinking,”®*°
light radical polymerization,'®® esterification'®" or annealing
as water is removed."'®> Although HA shows very good compat-
ibility, it has limited mechanical strength and requires mul-
tiple purifications steps before it can be used safely without
immunogenic side reactions.'®**%*

Another carbohydrate-based polymer that is found in the
human body in cartilage is chondroitin sulfate (CS), being a
glycosaminoglycan consisting of alternating repeating units of
N-acetyl galactosamine and glucuronic acid. The Varghese lab
has ample expertise with CS as biomaterial to study fundamen-
tal cell-material interactions and especially for growing carti-
lage tissue and inducing chondrogenic differentiation.'>"%®
Because of CS’s hydrophilic nature and low mechanical
strength, it has frequently been functionalized and mixed with

This journal is © The Royal Society of Chemistry 2024
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other polymers to improve its properties for regenerative medi-
cine applications.*®”

Other carbohydrate-based natural polymers, but not found
in our native ECM, include alginate, agarose and chitosan.
Alginate, for example, is a linear copolymer consisting of man-
nuronic acid and guluronic acid. The two sugar monomers
can be either present as repeating or alternating blocks,'*®*°
which allows for varying mechanical properties as well as
varying pore size via tuning the ratio between the two mono-
mers (Table 1 and Fig. 2E).""° In addition, control over the
mechanical and dynamic properties is possible by using
different concentrations of calcium together with different
molecular weight alginate, as shown by Chaudhuri et al.®*
Alginate can easily be obtained, has limited toxicity and forms
gels conveniently via the use of divalent cations (e.g. calcium
or barium).'®® However, alginate’s degradation cannot be fully
controlled and happens unpredictably over time due to ion
exchange of calcium with surrounding media, causing chains
to dissolute."*" In addition, cell adhesion to alginate is limited
and requires functionalization for protein binding and attach-
ment of cells."***?

The Pal and Bhattacharya labs have great expertise with
fatty-acid and sugar-derived hydrogels, where they systemically
studied the physical gelation mechanisms of these natural
components (Table 1). To illustrate, different fatty-acid amides
derived from naturally occurring amino acids were designed
and synthesized and it was found that especially the alanine-
derived moieties were efficient gelators (in organic solvents),
because of their ability to self-assemble into layered struc-
tures.”” Increasing fatty acid chain lengths improved gel
mechanical strength by increasing the contribution of van der
Waals interactions. In addition, they created various aqueous
hydrogels based on sugar derivatives as natural components,
being more compatible for future cell culture applications. For
example, they reported the gelation mechanisms and behavior
of sugar-based azobenzene gels as influence of pH and
salts.""*

To increase the complexity of natural ECM mimics, there is
a movement towards recreating the multi-component nature of
the native ECM. Therefore, hybrid gels are being developed,
where two gels with different properties (i.e. one labile and
one slow degrading gel) are mixed.''> For example,
Koenderink et al. showed the importance of an increase in
complexity by combining two natural ECM components, ie.
collagen and hyaluronan.”* The interaction of hyaluronan
inside and around the collagen fibers created a soft hydrated
matrix, interacting and stabilizing collagen. Additionally, the
presence of hyaluronan shifted the stress stiffening response:
it (1) lowered the stress sensitivity as the onset strain increased
upon inclusion of hyaluronan (i.e. the strain at which the non-
linear stiffening starts) and it (2) resulted in a great increase of
the linear elastic modulus (G°) well above the sum of moduli
of the individual collagen and hyaluronan gels.”* Another
example is the combination of alginate and reconstituted base-
ment membrane in presence of calcium.""®""” By increasing
the calcium concentration, (1) stiffer networks and (2) hydro-

This journal is © The Royal Society of Chemistry 2024
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gels with increased plasticity could be formed, while maintain-
ing the network’s architecture. We will elaborate on the design
strategies and properties of hybrid hydrogels later, but comple-
tely synthetic covalent hydrogels are first discussed in full
detail.

Synthetic covalent hydrogels

To overcome the limitations of natural-derived matrices,
including batch-to-batch variability and poor reproducibility, a
growing interest arose towards fully synthetic hydrogels.
Synthetic gels possess tunable mechanical properties and
degradation rates, while bioactivity can be introduced by incor-
porating functional moieties and small peptides."'®
Furthermore, they allow for full control over their input para-
meters (e.g. type of fibers, ligand, concentrations etc.), such
that the influence of a single element on cellular behavior can
be assessed. In fact, many of the seminal contributions to cell-
matrix interactions come from synthetic systems, and they
remain both a useful tool for scientists and a promising
option for clinical translation.

The most important synthetic hydrogels for biomedical
applications have been designed around poly(ethylene glycol)
(PEG), a hydrophilic polymer which can retain large amounts
of water,'*® and is relatively biocompatible and non-toxic
(Table 1)."*° To form hydrogels, PEG polymers are usually
functionalized with reactive end groups, e.g. azides, alkynes,
maleimides, norbornenes, thiols, alkenes or acrylates.'***** To
promote cell adhesion, cell binding groups like RGD, GFOGER
and catechol can easily be introduced to the artificial matrix
through the aforementioned click chemistry strategies or func-
tional groups."®*™?” Further control over the morphology of
these hydrogels can be achieved by using star or branched
derivatives."*® Mechanical advantages of PEG lay mainly in the
possibility to tune a large range of elastic moduli (from ~100
Pa to >100 kPa).*>™° This scaling ability depends however
largely on the crosslink density, thereby simultaneously
affecting the diffusion and the structure of the network. While
good control over mechanical properties is possible, PEG
based hydrogels usually lack dynamic properties in terms of
stress relaxation, stress stiffening or self-healing, mainly due
to the covalent structure of the network mesh. Adding matrix
metalloproteinase (MMP)-degradable crosslinks to PEG net-
works can however deliver cell-responsive degradability into
this synthetic matrix."*’

An oligo(ethylene glycol) OEG based polymer with more
control over dynamic properties is PIC, synthesized from iso-
cyanopeptides grafted with OEG side chains (Table 1 and
Fig. 3A).">>'® The resulting polymer possesses tunable lower
critical solution temperature (LCST) behavior, as well as a
tunable bulk stiffness, which can both be controlled by the
length of the polymer chains.'®° (Fig. 3B). Next to that, once
above the LCST, the hydrogel shows stress-stiffening behavior
in the same mechanical regime as natural fibers (e.g. collagen),
making PIC very suited for mimicking the complex dynamic

Nanoscale, 2024, 16,16290-16312 | 16297
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Fig. 3 PIC hydrogel and its mechanical properties. (A) Chemical structure of the PIC hydrogel and AFM image showing the bundle like meshes,
formed once heated above the LCST. Adapted with permission from ref. 155. Copyright 2013 Springer Nature. (B) Stress stiffening properties of PIC
hydrogels with different polymer length, showing that the bulk plateau modulus and the critical stress can be increased by increasing the polymer
length. Adapted with permission from ref. 130. Available under a CC-BY 4.0. Copyright 2014 Springer Nature. (C) Stress stiffening properties of PIC
hydrogels crosslinked with supramolecular particles. Adapted with permission from ref. 131. Copyright 2018 Royal Society of Chemistry (RSC). (D)
Brightfield and fluorescence images of hASCs, showing that cell spreading depends on PIC contour length (L.) and thus the stress stiffening pro-
perties. Scale bar is 70 pm. Adapted with permission from ref. 132. Available under a CC BY-NC-ND 4.0. Copyright 2019 ACS.

mechanical aspects of the ECM."*° Control over the stress stiff-
ening properties can be achieved by changing the length of the
polymer chains, concentration, temperature or by incorporat-
ing supramolecular particles (Fig. 3B and C)."*! Cell spreading
behavior can be controlled by varying PIC contour length (L),
i.e. the length of the polymer chain, which determines the
stress stiffening properties (Fig. 3D)."*> A higher degree of cell
spreading with lower circularity (which is desired) was
observed for human adipose derived stem cells in hydrogels
that contained smaller critical stresses (i.e. the stress required
before stiffening of the PIC polymers starts). Controlled
dynamics in terms of stress relaxation and self-healing are
however lacking and although introduction of bioactive signals
can be achieved,"?® the possibilities are limited due to solubi-
lity issues.

Poly(N-isopropylacrylamide) (PNIPAM) is a widely used
polymer for hydrogels due to its thermodynamic properties.
Similar to PIC, PNIPAM possess a LCST, above which the
polymer network collapses and undergoes a transition from a
hydrated coil to a dehydrated globule (Table 1 and Fig. 4A)."**
As the LCST is around 32 °C, cells can easily be detached from
the gel by lowering the temperature."*> Direct incorporation of

16298 | Nanoscale, 2024, 16, 16290-16312

bioactive molecules in PNIPAM is however challenging and is
often achieved by copolymerization with other polymeric
systems. As the polymer simply collapses above its LCST,
precise control over the mechanical properties is often
difficult.

Another widely used synthetic polymer is polyvinyl alcohol
(PVA), due to its biocompatibility and tunable mechanical pro-
perties (Table 1). PVA is a simple polymer carbon chain with
hydroxyl side groups and can be obtained via hydrolysis out of
polyvinyl acetate (Fig. 4B). A big advantage of PVA is that it can
be crosslinked without using chemical crosslinkers, but by
simply using freeze/thaw cycles to induce PVA crystallite for-
mation."*® The mechanical properties of PVA hydrogels can be
tuned through changing the polymer concentration, freezing
temperature and by varying the number of freeze-thaw
cycles."?”'*® By gradual freezing and cooling, Kim et al. even
created a stiffness gradient in the polymer network,
(Fig. 4B)"*® yielding an ideal material to study cell migration
behavior. PVA however is not degradable and lacks molecular
dynamics (movement of monomers), since the monomers are
covalently bound to each other,'®* but does exhibit slow bulk
dynamics (stress relaxation, fiber rearrangements) with <5%

This journal is © The Royal Society of Chemistry 2024
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mission from ref. 141. Copyright 2016 ACS.

relaxation in 5 minutes - likely due to OH hydrogen bonding
rearrangements.">°

Another class of synthetic gels are polyacrylamide (PA) gels,
which are inexpensive and often used to study the influence of
stiffness on cell behavior (Table 1)."*° PA gels are fabricated by
reacting acrylamide monomer and bis-acrylamide crosslinker,
in presence of ammonium persulfate and tetramethyl ethyle-
nediamine as initiator for redox radical polymerization
(Fig. 4C). By increasing the crosslinker concentration, an
increase in mechanical stiffness can be achieved, until an
optimum is reached after which the stiffnesses decreases
(Fig. 4C)."*" Polyacrylamide itself does not show any bioactiv-
ity, but it can be introduced by using a bifunctional cross-
linker, like sulfo-SANPAH, via hydrazine modification,"** or by
simple RGD coupling."*® However, as with the previous syn-
thetic systems, bioactivity and dynamics of these systems are
limited and 3D cell culture might be problematic as the mono-
meric precursors are toxic before polymerization.

The best of both worlds — hybrid
hydrogels systems

Although naturally-derived hydrogels are substantially biocom-
patible, their lowest possible stiffness is limited by the
minimum concentration needed for complete hydrogel

This journal is © The Royal Society of Chemistry 2024

network formation and at the higher end by the solubility of
the natural-derived component.'*> Furthermore, the rational
design, tailorable bioactivity, and processability is often
limited to narrow ranges. On the other hand, synthetic
materials often lack in bioactivity. Therefore, the field has
started to design hybrid hydrogel systems, which combine the
biological and mechanical power of naturally-derived hydro-
gels with the tailorability of synthetic methodology. This can
be as simple as mixing a natural and synthetic network
together, or the introduction of smart synthetically modified
natural polymers into the hydrogel."*®'*” However, due to the
limited range of solvents, temperatures, and concentrations it
is challenging to combine natural and synthetic polymers
within one hybrid hydrogel.'*® Examples of some of the most
used designs and properties of hybrid hydrogels are presented
in Fig. 5 and discussed below.

Alginate is often used in hybrid hydrogels to impart proces-
sability and control the dynamic mechanical properties. By co-
valently coupling PEG to alginate, Chaudhuri et al. formed
hydrogels with similar mechanical stiffness, but varying stress
relaxation and creep (Table 1 and Fig. 5A).°%'*® High stress
relaxation enhanced cell spreading owing to the cells remodel-
ing their substrate. Double network alginate-PEG systems have
also been developed, enabling the formation of a tough inject-
able matrix. This approach allowed the investigation of cell
adhesion kinetics on an identical hydrogel composition, with

Nanoscale, 2024, 16, 16290-16312 | 16299


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02088j

Open Access Article. Published on 25 2024. Downloaded on 2025/12/8 11:08:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review Nanoscale
A) High-MW alginate Low-MW alginate Low-MW alg.-PEG .
A
g
~ 05
&
4
A V VW
Low-MW
00 Low-MW-PEG
m Alginate e lonic crosslink 4 Decreased connectivity —mmm PEG spacer ‘ OII I 16 ! 10[00
[ Faster stress relaxation :> Time (s)
B) Fibronectin OFNI 0FNII OFNII

i i COOH
(o)

b

NH
o—(ocmcuz)n—/_

o HN
_\—(OCHZCH2)n —0 r
O— (OCH2CH2)n
—\—NH

h;; X R

(OCH2CH2)n —0
o HN—/_

Q._/‘ﬁ,

o]

C) PEG concentration

P

PEGylated Fibronectin

+ % S
‘{“pﬂ_-’m

¢ X

PEG-Maleimide Crosslinker

P

N
(o]

4% 8%

16%

Collagen
- 7

Fig. 5 Design and properties of hybrid hydrogels. (A) Gels based on alginate and PEG, with tunable stress relaxation independent of the bulk
stiffness. Adapted with permission from ref. 64. Copyright 2015 Springer Nature. (B) Gels based on fibronectin and PEG. Adapted with permission
from ref. 150. Available under a CC-BY 4.0. Copyright 2020 Elsevier. (C) Gels based on collagen of which the primary amines are crosslinked via NHS
moieties on multi-arm PEG polymers, showing successful protein expression of ZO-1 (grey) of immortalized corneal epithelial cells and aSMA
(yellow) in corneal stromal stem cells after 2-day cell culture on PEG-collagen hydrogels. Adapted with permission from ref. 153. Available under a
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different molecular attachment of adhesive ligands—highlight-
ing the importance of the molecular network on cell
adhesion.'*® Other hybrid gels based on PEG include mixes of
a fibronectin network consisting of 4-arm-PEG-maleimide,
crosslinked with PEG-dithiol and thiolated protease-degrad-
able peptides as developed by Trujillo et al. (Table 1 and
Fig. 5B).">° Owing to the ability of ECM proteins, like fibronec-
tin, to bind growth factors (see previous section), this hybrid
hydrogel possesses the ability to recruit and retain VEGF and
bone morphogenic protein 2 (BMP2), outperforming plain
PEG in growth factor retention, and herewith providing a
highly controllable 3D environment to promote bone regener-
ation and vascularization (Table 1).">° The Seliktar lab made
mixes of PEG with albumin, fibrinogen and gelatin, revealing
that the PEG-proteins mixes contain different degradation
rates and mechanisms as compared to PEG only.">" PEG could
also be mixed with fibrin to benefit from fibrin’s bioactivity.">>
In addition, these hybrid fibrin/PEG hydrogels showed slower

16300 | Nanoscale, 2024, 16, 16290-16312

degradation as compared to pure fibrin gels, revealing that
PEG prevents fast degradation of fibrin. As collagen is one of
the most abundant ECM proteins, Fernandes-Cunha et al.
designed in situ forming hybrid hydrogels crosslinked with
various concentrations of collagen (4, 8, and 16% v/v PEG to
collagen) with 4-arm and an 8-arm PEG-NHS (Table 1 and
Fig. 5C), providing hybrid hydrogels with different mechanical
properties and transparency.'> All hydrogels supported
corneal epithelial and stromal cells to proliferate, to adhere
and to express desirable cell morphology, but best results were
obtained using a 4-arm crosslinker (independent of stiffness),
showing the influence of structural morphology on cellular be-
havior."? This was also previously observed and hypothesized
to be caused by differences in collagen fiber alignment after
PEG crosslinking."**

Other hybrid hydrogels consisting of a covalently cross-
linked bovine serum albumin (BSA) network reinforced with
non-covalently adsorbed polyelectrolytes were studied by

This journal is © The Royal Society of Chemistry 2024
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Khoury et al. Besides the reinforcement and large stiffening
effect, the non-covalently attached polyelectrolytes can create
and break local bonds, allowing the gels to heal any structural
damage and function as shape memory.'*® The ability of these
gels to self-heal can be beneficial for cells: for example in a
scenario where gel rupture occurred as a result of cell pulling
forces, and after self-healing, the gel is able to provide
mechanical support again to the cells.

A special synthetic polymer is the polyisocyanide (PIC),
one of the few synthetic polymers which exhibit stress stiffen-
ing: when subjected to mechanical stress, the polymer
becomes stiffer and more resistant to deformation. However,
the solubility and limited bioactivity of PIC limits its wide use.
Therefore, hybrid versions are being developed, for example by
combining PIC with Matrigel, as done by the Kouwer lab,"*
exhibiting both stress stiffening properties and good bioactiv-
ity, while possessing great control over the gel through care-
fully tuning the ratio of the two materials.

And lastly, MMP cleavable peptides are interesting cross-
linkers in synthetic materials, imparting a biomimetic degra-
dation mechanism. Jha and coworkers studied the influence of
degradation kinetics of MMP crosslinkers on biological out-
comes of a cell laden hybrid hydrogel."®” RGD-functionalized
HA, heparin and different MMP cleavable peptides were used
to tune hydrogel degradation rate. Interestingly, the hydrogels
crosslinked with the slow MMP-degradable peptides supported
the cardiac progenitor cell (CPC) survival, proliferation, and
endothelial cell differentiation."””
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Grafting on natural or synthetic polymers - combining both
worlds within the same macromolecule

While the combination of natural and synthetic polymers
within one hybrid hydrogel can be limited due to solubility
issues, chemical modification of natural polymers can over-
come this issue and broaden the tools for designing hybrid
hydrogels. Synthetic and natural polymers modified with bio-
molecules are also included in this category. Among the
variety of chemical strategies, the synthesis of photo-polymer-
izable derivate (e.g. via methacrylation) is the most common
tool for obtaining tunable mechanical properties and spatial
and temporal control of crosslinking. Other common strategies
to prepare photo-polymerizable polymers is the addition of
norbornene, allowing photo-initiated thiol-ene
reactions."”®'*® The modular design of this strategy allows for
the tailorability of mechanical performance via the structure of
the thiol cross-linker and cross-linking density,"®® while still
allowing for bioactivity through for example RGD-cysteine.

While irreversible covalent cross-linking enables tunable
hydrogel mechanics and degradation, the use of reversible
interactions, both dynamic covalent and non-covalent ones,
results in viscoelastic properties. Dynamic covalent cross-
linked hydrogels can tailor viscoelasticity and stiffness inde-
pendently, allowing to decouple the effects of stress relaxation
and stiffness on cellular behavior.

Complex hybrid hydrogels can be designed through com-
bining cross-linking chemistries and polymers. For example,

This journal is © The Royal Society of Chemistry 2024
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Li et al.'®" developed double dynamically cross-linked hydro-
gels based on PEG, poly(vinyl alcohol) (PVA), and glycol chito-
san (GC). PEG was functionalized with benzaldehyde and
phenylboronic acid as end groups, thus, this macromolecule
reacts with both PVA and GC via borate ester and imine for-
mation, respectively. The dynamic nature of both cross-linking
renders self-healing and shear-thinning behavior, promising
features for injection applications.

Synthetic supramolecular biomaterials

A recent and growing interest lies in mimicking the dynamic
properties of the ECM, as the ECM itself is highly dynamic
and predominantly held together via non-covalent inter-
actions.®® Among these dynamic features, stress relaxation pro-
perties have recently come to the forefront, as a rising number
of studies show the important effect of stress relaxation on cell
shape and more complex biological function."***%*7'%” Next to
these macroscopic dynamic properties, attention for the
importance of molecular dynamics is also growing.'®®'"!
Current synthetic covalent matrices however have long stress
relaxation times, of hours.®* Yet, the relaxation half times of
most of our tissue cover only the range of seconds to
hours.**%

Supramolecular assemblies based on non-covalent inter-
actions, are arising as very promising candidates as ECM
mimics owing to their inherent controllable dynamics, adapta-
bility, tunability and control over mechanical and bioactive
properties.’”>'”® Supramolecular interactions are directional,
and examples include hydrogen bonds, n-n interactions and
hydrophobic forces to form fiber-like structures, similar to
nature. To introduce function into these gels, bioactive cues
can be coupled to the monomeric building blocks and mixed
into the supramolecular fibers.'”*"7® By co-assembling
different supramolecular monomers, it is possible to tune
ligand presentation'’” as well as morphology of the supramole-
cular structure.'’® Additionally, the supramolecular formu-
lation procedure used greatly impacts the type of supramolecu-
lar structure that is formed, ranging from fibers to hydrogels,
elastomers and solid meshes.'”**%° For ease of discussion, we
here discuss promising classes of synthetic supramolecular
biomaterials, starting with (1) peptide amphiphiles (PAs), pep-
tides and proteins, followed by (2) structures based on self-
assembling supramolecular monomers.

Firstly, PAs, peptides and engineered proteins are a class of
aqueous, self-assembling structures, on which the Stupp,
Tirrell, Heilshorn and Besenius and other labs have made
great effort in their design, synthesis and characterization
(Table 1 and Fig. 6).21817184

PAs are amphiphilic building blocks that usually consist of
a hydrophobic domain, functionalized with a more polar
peptide sequence (Table 1 and Fig. 6A). The hydrophobic
domain causes a hydrophobic collapse as well as aids in
shielding water, whereas the more hydrophilic amino acids
provide more directional hydrogen bonds.'®> Charged amino
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acids could be installed to introduce responsiveness towards
external stimuli, such as pH'®*® or salt concentration."®*'®”
Additionally, short bioactive moieties, e.g. IKVAV,"®® could be
used to achieve cellular binding."®”"'®® By varying the mole-
cular design of the different regions within the PA (i.e. only
tuning the hydrophilic part, or only the hydrophobic region, or
both simultaneously),"®° it is possible to control the assem-
bly’s morphology, structure and mechanical properties."®* One
of the most well-known PA-based, fibrous hydrogels is
PuraMatrix, forming stable f-sheets through a combination of
electrostatic and hydrophobic interactions.”® More recently,
multicomponent, PA-based supramolecular hydrogels are
being developed for applications like regenerative medicine -
as pioneered by the Mata lab.**?>'%?

Self-assembling peptide hydrogels (SAPHs) are variations
on PAs, consisting of shorter sequences, typically only a few
amino acids, such as RADA (Table 1)."** Another well-known
sequence, created by Saiani lab, is FEFEFKFK, forming anti-
parallel B sheets in dilute state and self-holding hydrogels at
higher concentrations above its critical gelation concentration.
Precise control over material properties is possible by tuning
pH or ionic strength of the solution.’® Recently, a growing
attention and focus has arisen on the modulation of dynamics
within PA structures - investigating the potential of this
elusive property to control cellular behavior.'®®'9>19¢ For
example, the Stupp lab demonstrated that their bioactive PAs
with greater supramolecular motion (i.e. movement of mono-
meric peptide amphiphile within peptide fibril) outperform
the more static counterparts in promoting vascular growth,
axonal regeneration, survival of motor neurons and functional
recovery of spinal cord injury in mice. They hypothesize that

16302 | Nanoscale, 2024, 16, 16290-16312

the greater internal motion of the bioactive moieties results in
polyvalency, with that promoting receptor clustering to achieve
effective signaling.'®®

Interestingly, other groups, including our own laboratory,
recently also discovered the importance of molecular dynamics
in supramolecular hydrogels impacting cell spreading
behavior’>'®” - where bioactive, supramolecular monomers
must be robustly incorporated inside the supramolecular
stacks, or else cells might pull out loosely bound monomers.
In addition, many groups, including the Adams, Ulijn, Xu and
Tuttle groups, started focusing on high-throughput options to
screen different combinations of short peptide sequences (i.e.
tripeptides) for their ability to self-assemble.>* 98202

To introduce more structural organization in biomaterials,
elastin-like proteins (ELPs) can be utilized (Table 1 and
Fig. 6B), well-studied by the Heilshorn lab.'®* ELPs consist of
short repetitive amino acid sequences that provide elasticity
and mechanical stability. A big advantage of ELPs is that they
are highly controllable and tunable, by varying amino acid
sequence, LCST, assembly conditions or by introducing
additional chemical®***** or enzymatic crosslinks.*’” Bioactive
ELPs can be engineered by incorporating cell adhesion moi-
eties, like RGD."* Overall, protein-based materials are very
promising candidates for studying fundamental principles
underlying cell-material interactions because of their high
modularity and biocompatible nature.

Lastly, self-assembling monomeric building blocks can be
used to create bioactive, fibrous networks. Herein, bola-amphi-
philes are frequently utilized, which are comprised of a hydro-
phobic core, shielded by two hydrophilic end groups (Table 1
and Fig. 7A). Similar to PAs and peptide-based materials, the

This journal is © The Royal Society of Chemistry 2024
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Available under a CC-BY-NC 4.0. Copyright 2017 Wiley-VCH.

shape, structure and properties of bola-amphiphilic materials
is highly tunable through engineering its molecular design.
The Sijbesma and Palmans laboratories designed a bola-
amphiphilic monomer that consists of complementary bis-
urea (BU) motifs,**” % separated through a hydrophobic
spacer and shielded with OEG blocks, yielding well-defined
micellar rods once assembled in aqueous solutions (Fig. 7A).
The mechanical properties including yield strain of these BU-
based supramolecular structures are tunable by varying PEG
length and aliphatic linker length (Fig. 7B).>'°

Complex mechanical properties could be introduced into
the material through the incorporation of azide- and ethyne-
functionalized BU monomers, leading to covalent crosslinks
between the self-assembled rods,”"* and surprisingly yielding
stress-stiffening behavior (Fig. 7C). The stress stiffening behav-
ior is hypothesized to occur through the presence of soft
bending modes in bundles of BU fibers.>'" In addition, the
modular nature of the supramolecular system allowed for the
easy incorporation of bioactive monomers by mixing it with
the non-functionalized BU material.>'> The ability to tune
functionality as well as mechanical features (i.e. stress stiffen-

This journal is © The Royal Society of Chemistry 2024

ing) in these supramolecular materials makes them interesting
candidates to mimic crucial aspects of the ECM.

Another class of synthetic supramolecular assemblies are
Cs;-symmetrical discotic molecules, among those the benzene-
1,3,5-tricarboxamide (BTA) unit — well studied by the Meijer
lab and Baker laboratories (Table 1).>'*">'> BTA monomers
self-assemble through triple amide hydrogen bonding com-
bined with n-r stacking of the aromatic cores to form supra-
molecular, double-helical polymers.*'® To ensure self-assembly
of this supramolecular motif in water, the BTA is most fre-
quently equipped with C;, hydrophobic arms followed by tetra
(ethylene glycol) (EG,4) hydrophilic chains on the outer ends
(Fig. 8A).>" The hydrophobic spacer has a dual function, as it
shields water from the core such that it cannot compete for
hydrogen bonding and the hydrophobic effect further stimu-
lates supramolecular polymerization, while the EG, domains
provide water-solubility. The morphology of the supramolecu-
lar stacks can be tuned by varying hydrophobic chain length,
as the core amides become more or less shielded from water,
respectively increasing or decreasing the tendency of the
monomers to hydrogen bond and assemble into longer aggre-
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gates.”'® BTA fibers are highly dynamic, with a homogeneous

exchange profile of BTA monomers over total fiber length.**?
More recently, the BTA has been functionalized with peptides
and carbohydrates, leaving the BTA a versatile platform for bio-
medical applications.'””?*97>*

Supramolecular hydrogels based on BTAs have been engin-
eered via both molecular tuning and modular mixing.
Recently, BTA was mixed with PNIPAM-functionalized BTA
(BTA-PNIPAM), enabling a temperature-sensitive sol-gel tran-
sition to allow facile cell encapsulation.?*” In addition, by com-
bining the monomeric small BTA moleculewith a bifunctional,
telechelic BTA-PEG-BTA, i.e. two BTA moieties separated by a

16304 | Nanoscale, 2024, 16, 16290-16312

PEG spacer (Fig. 8A), the monofunctional BTA fibers are cross-
linked non-covalently to create 3D hydrogel networks: the
BTA-PEG-BTA forms small micelles itself, but acts as supramo-
lecular crosslinker upon mixing with BTA (Fig. 8B).'97>>2?

In this latter cross-linked system, hydrogel stiffnesses and
dynamic properties could be tuned by changing either the
total hydrogel concentration or the ratio between the two
supramolecular building blocks (Fig. 8C) formed within the
material.'®”*'>??? Recent developments focused on facilitating
BTA synthetic route showed big improvements in production
speed and in the ability to modify the structures of these
complex supramolecular hydrogelators.>"> For example, careful

This journal is © The Royal Society of Chemistry 2024
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tuning of the hydrophobics on the exterior of the
BTA-PEG-BTA has shown the ability to tune the viscoelasticity
and stress relaxation of these materials over 5 orders of magni-
tude, unlocking applications like 3D bioprinting with living
cells.”®® Further expansion of the BTA-PEG-BTA architecture
with a synthetically addressable norbornene pendent group
has allowed the in situ covalent reinforcement of the BTA
hydrogels in cell compatible conditions. This has led to the
creation of tough (strain energy ~180 k] m~®) and fibrous
hydrogels that can be utilized as bioinks with spatiotemporal
modification of properties.”** Moreover, the BTA supramolecu-
lar hydrogels exhibit excellent biocompatibility for cellular
encapsulation, where cellular morphology and aggregates size
could be controlled by the dynamic properties of the gels, and
have been able to create a 3D bioprinted meniscus
model.197’225

Overall, the supramolecular nature of the system allows
great control over the dynamics and mechanical properties of
the system and shows therefore great potential for mimicking
these aspects of the ECM. The ability to install synthetically
addressable handles into the BTA architecture unlocks new
possibilities to covalently modify these materials during the
course of cell culture or during processing. Of note, it is
important that the dynamics in this system matches with cel-
lular time scales to support cellular adhesion on bioactive
ligands, and is an active area of study.

Another supramolecular building block, well-studied by our
own laboratory, is the ureido-pyrimidinone (UPy) motif

This journal is © The Royal Society of Chemistry 2024

(Table 1).2****” UPy monomers undergo fourfold hydrogen
bonding in a DDAA (donor-donor-acceptor-acceptor) fashion
to form dimers, while urea or urethane groups support supra-
molecular  polymerization in the lateral direction
(Fig. 8D).>*”"**° To ensure fiber formation of this supramolecu-
lar motif in water, hydrophobic spacers are attached onto urea
moieties, while PEG chains are utilized on the chains-ends as
water-compatible units."”"**" UPy fibers are less dynamic as
compared to BTA supramolecular fibers, with barely any
monomer exchange occurring over total fiber length in a
24 hours timeframe."” To translate the supramolecular poly-
mers into a supramolecular hydrogel network, a bifunctional
(B) UPy supramolecular crosslinker is required,*” similar to the
BTA supramolecular hydrogel system. The mechanical and
dynamic properties of the UPy supramolecular hydrogel are
also tunable by tuning the M/B UPy ratio or changing the
hydrogel’s concentration (Fig. 8D and E).

Bioactive function can be introduced into the hydrogel
system by including bio-functionalized UPys as integrin-
binding ligands which promote cell adhesion (Fig. S8F).
Through recent developments, it is possible to control the
effective ligand concentration (i.e. mol% bioactive monomers
in supramolecular fiber) inside supramolecular polymers,
which showed to regulate epithelial cell polarity.*> High
effective ligand concentrations (>5 mol%) led to multivalent
effects through dynamic recruitment of the bioactive fibers,
with that promoting efficient receptor clustering. Importantly,
the effective ligand concentration can be tuned independent

Nanoscale, 2024, 16,16290-16312 | 16305
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from other properties, like stiffness and stress relaxation.
Recently, temperature-responsiveness was also introduced into
the UPy system.>** Currently, other UPy ligands (i.e. other
small peptides towards large proteins and carbohydrates) are
being engineered and explored as well.

Overall, the tunable and highly modular design of the
supramolecular UPy hydrogel system allows for excellent and
orthogonal control over its mechanical, bioactive and dynamic
properties (Fig. 8), making it an ideal platform to fundamen-
tally study cell-material interactions.

Conclusion and future directions

The cellular environment is critical to the function and
homeostasis from tissue to organ to organism. Mimicking and
recreating this environment is a critical endeavor to many
future fields, from regenerative medicine, to advanced soft
matter, drug delivery, medical devices, and wearables. Along
this review, we recap the long journey on hydrogel design to
mimic our native ECM. Naturally sourced hydrogels claim
powerful biological activity, but the lack of reproducibility and
the complexity itself makes it difficult to understand the
underlying mechanisms of cell-material interactions. Thus,
designing simpler hydrogels became useful for understanding
the effect of individual features (e.g. stiffness, RGD peptide
sequence) on cell-matrix interactions and cellular response.
The drawbacks and limitations of using either synthetic or
natural polymers lead scientists towards developing hybrid
hydrogels, not only improving tailorability and reproducibility,
but also capturing ECM complexity.

Overall, many different strategies have been investigated to
engineer specific facets of the ECM. However, nature has
evolved all its chemical processes around only a limited
number of molecules that can assemble into a large library of
materials with different stiffnesses, bioactivity and dynamics,
and special processes as stress stiffening and stress relaxation.
Even so, part of the tunability of the ECM arises from the
complex and synergistic interplay between the various com-
ponents, giving rise to tunable properties and strong
reinforced assemblies. The current synthetic covalent
materials can only represent one specific property of the ECM,
for other properties, a completely different material is needed.
Supramolecular assemblies are arising as the next-generation
biomaterials to their inherent controllable dynamics, adapta-
bility, tunability and great control over their structural and
physical properties. At the same time, a supramolecular copo-
lymerization approach can elegantly be used to control the
structure’s morphology,’”® dynamics'’>"’® and ligand presen-
tation. Like in the natural ECM, these systems can assemble
into larger, hierarchical complexes with tunable mechanical,
bioactive and dynamic properties. As nature designed all cellu-
lar processes with a limited number of molecules, we propose
that reducing the complexity of hydrogels towards minimal co-
assembling supramolecular components is the way towards
fully synthetic ECM mimics (Fig. 9).
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