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Chapter 1

Stress-Responsive Hydrogels

Hydrogels are three-dimensional structures that can hold large amounts of water. They are often
made out of crosslinked hydrophilic polymers. The role of hydrogels in life is far beyond cosmetics
and food, where we use them in our daily routines. Hydrogels are crucial components in our bodies
that provide mechanical and structural support inside and outside our cells. These natural
hydrogels, found in the intracellular cytoskeleton and the extracellular matrix (ECM), are formed
of biopolymer networks1 that affect many cellular processes such as migration, growth and
proliferation.2
This biological context makes hydrogels an appealing class of materials for biomedical
applications.3 Collagen and fibrin gels, for instance, are the most routinely used reconstituted
biopolymer gels for cell culture experiments. However, the lack of freedom to design at the
molecular level, to incorporate new functions and to control physical properties, is a drawback that
limits innovative progress. In contrast, synthetic hydrogels offer precise control over composition,
biophysical properties and chemical modifications,4 and become excellent materials to cover a
broader range of applications.
A characteristic that is common in in vivo gels, but challenging to realize in synthetic and
reconstituted biological gels is adaptiveness and responsiveness to external triggers.5-7 At the larger
scale, many living organisms, including carnivorous plants and chameleons, present an immediate
motion or colour-changing response to environmental stimuli. At the smaller scale, cells are able
to contract or digest their surrounding matrix (or deposit a new matrix), which changes biological
properties and triggers cellular functions.2 These phenomena have inspired scientists to expand the
spectrum of hydrogels with responsive properties.8 Synthetic, stimuli-responsive hydrogels have
enabled the advance of new solutions in the biomedicine field, sensing devices and soft robotics.57

Although stimuli-responsive hydrogels are usually classified according to their external stimuli
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or to their applications, here we will briefly introduce them in terms of changes in their architecture
to highlight their underlying working mechanisms.
The architecture of hydrogels consists of a heterogeneous porous network, with a mesh size
that depends on the degree of crosslinking and the concentration of network-forming polymers.
Because the polymers are hydrophilic, hydrogels are normally in a swollen hydrated state. Many
stimuli-responsive hydrogels, however, use a change in the solubility of the network to modify the
architecture of the network and the properties of the gel. As the stimulus actuates, the polymer
network undergoes a transition from a swollen fully hydrated state to a shrunken dehydrated state,
which collapses the network. This response is often accompanied by shrinkage of the hydrogel and
stiffening. For instance, hydrogels that are responsive to changes in the pH,9-12 temperature9,13-15
and chemical environments8,16,17 often present a swelling, deswelling or collapse response.8 A
classic example of a thermoresponsive hydrogel, for instance, is the poly(N-isopropyl acrylamide)
(PNIPAM) hydrogel.15 At the transition temperature, close to body temperature, the polymer
undergoes a reversible change from a random coil to a globular state, resulting in stiffening,
decrease in pore size and physical collapse of the gel.
A different approach to realise adaptive behaviour is to remove/cleave, or oppositely to add,
crosslinking junctions in the network. This method leads to permanent changes in the architecture
and mechanical properties, as increasing the pore size results in a softer gel. Classic examples are
enzyme-responsive18,19 and many photo-responsive hydrogels20-22 with applications in controlled
solute diffusion and cellular migration in 3D cultures. When the photo or enzyme-responsive
moieties are attached on the side chains of the polymer network, the architecture does not change
upon application of stimulus, and the mechanical properties are conserved. In these cases,
responsiveness is used for spatiotemporal control of drug delivery, cell detachment and sensors.
The architectural response to a stimulus can be so drastic that the network disassembles
temporarily, turning the hydrogel into a solution. This strong response often occurs in hydrogels
that are formed with self-assembled polymers through weak interactions. Upon mechanical
perturbation, the weak interactions are broken and the hydrogel presents a sol-gel transition, or a
shear-thinning behaviour, with a consequent decrease in friction and viscosity. After the removal
of shear deformation, the polymers reassemble and the hydrogel is restored. Shear-thinning
hydrogels have several applications in the biomedicine field, as injectable systems for drug
delivery and wound repair,23-25 and in 3D bioprinting.26,27
2
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A select class of hydrogels stands out from the usual stimuli-responsive hydrogels, because
they present a remarkable mechanical response while the gel architecture is (mostly) conserved.8
These stress-responsive materials, or stress-stiffening materials, show an enormous increase in
stiffness – sometime hundred fold – under shear stress (or strain).28,29 The response is instantaneous
and reversible, as the original stiffness is restored as soon as the mechanical load is removed. This
strain-stiffening property is essential to life, as it protects against damage30 and promotes cell
communication,31-33 migration34,35 and stem cell differentiation.36
While the role of stress-responsive hydrogels in biology becomes increasingly clear, it is
important to highlight that the mechanical response is not static. If the deformation is held for a
sufficient period of time, the hydrogel dissipates energy through mechanisms of stress relaxation.
In this case, the mechanical properties are time-dependent, and the gels should be considered
viscoelastic; their properties are a mixture of elastic solids and viscous fluids. Recent studies of
hydrogels with tunable viscoelastic properties have demonstrated the importance of timedependent mechanical properties on cell behavior.37,38
Among the various types of stimuli-responsive materials, synthetic hydrogels that are able
to respond and adapt to stress are relatively unique, despite the abundance of stresses occurring in
vivo. For instance, high shear strain (or stress) from the bloodstream are present on the vascular
cells; cyclic deformations cause stresses on cardiac and lung cells; and external mechanical loading
on hydrogels promotes migration and differentiation of several cell lines.7 At lower stress levels,
cells are able to internally stress the ECM and trigger a stress-stiffening response,2 or dissipate
their energy through relaxation.37,39 Understanding the effect of stress on biology can be more
easily pursued with synthetic adaptive biomimetic hydrogels with tunable properties. The cellular
responses under these different conditions can be later translated into new solutions for biomedical
applications.

1.1 Outline of this thesis. The goal of this thesis is to characterize the mechanical properties of
hydrogels based on synthetic polyisocyanides (PIC) under different sources of stress. These
hydrogels uniquely mimic the stress responsive properties of biopolymer gels, with the advantage
of being synthetic materials which can be modulated at polymer scale. The main technique used
to measure the mechanical properties of the hydrogels is macroscopic rheology, which measures
the viscoelastic properties in the linear and nonlinear mechanical regime. For (simultaneous)
3
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structural characterization, we use small angle X-ray scattering (SAXS), which captures changes
in the structure of PIC hydrogels upon application of stress and provides insights in the
mechanisms of deformation.
Considering the importance of the stress-stiffening property to biology, we review the
strategies to design stress-stiffening hydrogels from fully synthetic materials in Chapter 2. We
analyse properties of biopolymer networks and select the key parameters that endow them with
responsiveness. Next, we give examples of synthetic stress-stiffening hydrogels that are
biomimetic and discuss possible strategies to modify and create new soft materials that display
stress stiffening properties.
In analogy to cells contracting and stiffening their surrounding extracellular matrix, we
present in Chapter 3 a hybrid hydrogel based on PIC and the classical thermoresponsive poly(Nisopropyl acrylamide) (PNIPAM). The collapse of PNIPAM with temperature stresses the stressstiffening PIC network. This internal stress results in a tremendous and sharp stiffening of the gel,
controlled by the concentration of both PIC and PNIPAM. The stresses are reversible and of the
same magnitudes found in nature. Optimization of the hybrid hydrogel towards biological
applications is described in Chapter 4. We synthetize linear copolymers of PNIPAM and
hydrophilic acrylates to tune the transition temperature closer to physiological conditions (37 °C)
and analyse the relative stiffening within a small temperature window. Our system of pre-made
linear copolymers allows a simple mixture with PIC without compromising the pore size. The
(large) porous architecture is essential to diffusion of nutrients and cell migration, while pre-made
linear copolymers conserve the thermoresponsiveness of PIC for easy cell extraction.
PIC hydrogels are also extremely responsive to external stress. However, what exactly
happens to the architecture when stress is applied is still unclear. In Chapter 5, we use a combined
rheological-small-angle-X-ray-scattering (RheoSAXS) setup to analyse the changes in
architecture under shear stress. Fitting the scattering curves with an appropriate model reveals that
structural changes occur primarily in the linear mechanical regime, where the polymer bundles
approach each other and the pore size decreases. In the nonlinear mechanical regime, the network
is too stiff for such architectural changes, and changes in the structure are not seen.
While controlling the elasticity of synthetic hydrogels is achieved by changing the degree
of crosslinking and concentration, independent control of the viscoelastic properties is still
challenging. In Chapter 6 we demonstrate that the stress relaxation time can be tuned by changing
4
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the polymer contour length and crosslinking density, especially at biologically relevant strains.
The mechanism of stress relaxation is quantified with a Maxwell model, which correlates the
contribution of the different length scale of the hierarchical network structure to the (non)linear
mechanical properties. The tunable stress relaxation times and the fibrous architecture endows our
hydrogels with optimal properties to biomedical applications.
Unlike the conditions in a tensile tester or a rheometer, the stresses in a body have different
directions. Under multiaxial deformations, as described in Chapter 7, the shear modulus of PIC
gels softens under compression and stiffens in extension, similar to bionetworks. Because PIC is
synthetic, we are able to tune the persistence length of the bundles and link it to the intensity of
softening under compression. The results with PIC provide additional insights into the complex
mechanical response of semiflexible networks.
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On the Design of Strain-Stiffening Hydrogels

ABSTRACT

Cells in our bodies constantly interact with their direct environment, the extracellular matrix
(ECM). The ECM displays a unique mechanical feature, called strain-stiffening; it becomes
stiffer on deformation, which allow cells to design their own physical environment. While the
impact of strain-stiffening starts to emerge, it remains a true challenge to integrate it in synthetic
hydrogels, which ultimately are the most promising to dissect cell-matrix interactions, since
they are fully tailorable down to the molecular level. In this review, we analyse the structure
and architecture of strain stiffening hydrogels from biological and synthetic origins and draw
the blueprints for their design. We include strategies to introduce strain-stiffening in the next
generation of adaptive and responsive hydrogels.

Luc Debie is acknowledged for the literature review on synthetic materials. Maarten Jaspers is
acknowledged for the initial literature review on biopolymer gels.

Chapter 2
2.1 INTRODUCTION
Cells are immersed in a universe ruled by biopolymer networks.1 Their surroundings are
essentially composed of the extracellular matrix (ECM), a network that sustains water in the
pores while providing mechanical and physiological stability for the living parts.2-8 The ECM
is composed of bundles of proteins that form a relatively rigid, porous hydrogel network. This
open structure is essential for the transport of signals and nutrients across the matrix and to
accommodate cells without physically blocking primary biological functions, such as growth,
proliferation and migration.3,6 Biopolymer networks are essential for life. It is not a coincidence
that also the cytoskeleton, that controls the mechanics within the cell is composed of similarly
structured networks of biopolymers.2
One remarkable property of biopolymer networks is their ability to stiffen in response
to an applied stress or strain, a process called stress- or strain-stiffening.9,10 The stiffening
response is a direct result of the architecture of the network and, depending on the details, the
effect is strong –the stiffness can easily increase hundredfold– and can commence at very low
strains. Other characteristics are that strain-stiffening is fast (instantaneous) and fully
reversible, as long as the network is not disrupted; after the applied strain is removed, the
stiffness returns to the zero-strain value. In vivo, stresses in tissues can have externally or
internal origins. Internally, cells are able to stiffen their direct environment through actomyosin
contraction11,12 and subsequent force transmission through integrins that directly interact with
the ECM.13,14 Strain-stiffening is considered to be essential to protect against damage from
external forces15 and to aid in several other biological processes,16 including signal transduction
and long distance communication,17-23 fiber alignment,19-21,24 morphogenesis,25 migration11,26
and differentiation.27 In addition, it is used as standard for human tissue and tissue models.28-31
The sensitivity of many eukaryotic cells towards the mechanical properties of the matrix,
combined with their ability to stiffen that very matrix gives rise to an interesting feedback loop,
wherein cells are able to control their own mechanical microenvironment.24 For new bio-based
or synthetic extracellular matrices, this feedback loop offers a welcome freedom in design,
since it avoids fine-tuning the exact mechanical properties of the 3D matrix. The additional
ability of cells in vivo to digest or deposit ECM components completes the full control that
cells have over their environment.
Hydrogels of synthetic polymers or small molecules are much less complex alternatives
to biopolymer gels and offer many advantages. With precise molecular design of a virtually
infinite number of building blocks, synthetic gels show excellent reproducibility and highly
8
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predictable properties. Cell-gel interactions can be tailored through the introduction of specific
biochemical groups, such as cell adhesive peptides.32-34 Consequently, synthetic hydrogels with
biomimetic mechanical properties, including strain-stiffening will form ideal platforms to
evaluate mechanotransduction mechanisms and to direct cellular behavior. Unfortunately, only
a few synthetic hydrogels have been reported to display strain-stiffening properties, which
suggests that there still is tremendous unexplored territory to improve biomimicry in the
mechanical properties of synthetic artificial matrices.
In the present review, we discuss molecular design rules for strain-stiffening by
analyzing how the structure and architecture of biological, bio-inspired and fully synthetic
strain-stiffening gels are related to their mechanical properties and include the role of readily
tunable parameters for the experimental polymer chemist. Our strategies may form the basis
for the next generation of extremely responsive and adaptive soft matter.

2.2 STRAIN-STIFFENING
Strain-stiffening is a concept that we all know from our daily lives. Elastomeric materials, like
rubber bands, become increasingly difficult to strain (i.e. stiffer) under increasing tension.35
The effect originates from processes at the molecular level, where flexible polymer chains, held
together by stiff and crystalline junctions, uncoil, orient and stretch.35 Fundamentally, in
hydrogels, the same mechanisms should apply, but in reality the transition to the stiffening
regime is at very high strains, much higher than the breaking point of the gel. The stiffening
response is shifted to much lower strains when the architecture of the gels changes. Structural
biopolymers, such as collagen, fibrin and actin form relatively rigid or ‘semi-flexible’
assemblies (see Box 1), which pushes strain-stiffening in the corresponding gels to
physiologically relevant strains.9 To rationalize the stiffening response in these soft materials,
theoretical work has proposed two (not mutually exclusive) mechanisms, termed the enthalpic
and the entropic model of deformation (Box 1).9,10 In semi-flexible networks, one sees that
besides a large increase in the modulus with applied stress (sometimes more than hundredfold),
also a strong negative normal stress develops, i.e., the network is contracting in a direction
opposite to the shear stress with forces of the same magnitude as the applied shear force. 36-38
Note that in classical (flexible) polymer hydrogels, also negative forces may develop, but their
direction is opposite (they are pushing the gel outwards) and magnitude much smaller.
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Box 1. Deformations in semiflexible networks. Filaments are called semiflexible when they present
a large bending rigidity that competes with the entropic force to fold itself into a random coil. In
terms of length scales, the semiflexible chains have a persistence length lp of the same order of
magnitude as their contour length LC (see Figure below). In fibrous networks, however, LC is
irrelevant and we can define semiflexible networks when lp is comparable to the average length
between crosslinks lc, which is often close to the pore size of the network ξ. For biopolymers, the size
of the molecules, their degree of bundling and interactions in the bundles all contribute to the
persistence length.45
Semiflexible filaments are well described with wormlike chain models,46-48 which associate strainstiffening with the entropic and the enthalpic models. Which of these two models dominates the
strain-stiffening response of a given network depends on lp and lc.
Firstly, a network of semiflexible fibers is best described by an entropic model in which
homogeneity and affine deformations of the network are assumed. The nonlinear force-extension
curve for individual semiflexible filaments with the removal of thermal fluctuations causes strainstiffening in this model.9,10,45,47 An enthalpic model can be used to explain the strain-stiffening
characteristics of networks with stiffer filaments. The enthalpic model describes strain-stiffening as
a transition from filament bending at small strains to filament elongation and alignment towards the
deformation axis at larger strains, assuming a heterogeneous and non-affine network.49-51 The various
networks of biopolymer filaments in the ECM and cytoskeleton are best described by a combination
of both models.52-55

lp < LC
flexible

lp LC
semiflexible

lp >> LC
stiff

Entropic

Enthalpic

Commonly, the characterization of the mechanical properties of hydrogels, including
their nonlinear regime uses rheometry (Box 2). The sample is placed in the geometry (e.g.
parallel plates, cone and plate or concentric cylinders), an oscillatory strain γ (a deformation
scaled to the sample thickness) with frequency ω is applied and the stress σ in the sample is
measured. At low strains, i.e., in a small amplitude oscillatory shear (SAOS) experiment, the
stress response is a perfect sinusoidal function. One then defines complex modulus (G* = σ/)
and, after computing the phase shift, the storage modulus G′ and loss modulus G′′ are extracted.
Here, we also define the plateau modulus G0 as the storage modulus G′ in the linear viscoelastic
(LVE) regime, i.e., the regime where G′ is independent of strain or frequency. For hydrogels,
G′ and G0 are often used interchangeably, since the mechanical properties are commonly
dominated by the elastic terms.
For strain-stiffening materials, increasing the strain amplitude, or carrying out large
amplitude oscillatory shear (LAOS) tests, leads to a nonlinear response. As a result, the stress
10
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response to the sinusoidal deformation becomes (strongly) distorted.39 Consequently, G′ and
G′′ values extracted by the rheometer from a LAOS experiments may not be very accurate.
However, if measured carefully, the results may be valid and provide meaningful data,39 and
in some cases, the nonlinear response can be analyzed from LAOS data through Lissajous–
Bowditch curves that decomposed using Chebyshev polynomials.40 An alternative way to
measure a well-defined mechanical response at high strain is to apply a pre-stress protocol,41
where a pre-stress is applied to the sample and the mechanical properties are probed with a
superimposed small oscillatory stress σosc. From the measured associated oscillatory strain γosc,
one determines the differential modulus K′ ≡ ∂σ/∂γ = σosc/γosc, which represents the mechanical
properties more accurately than shear modulus. Note that in the LVE, G′= K′. Experimental
work has shown that the results from LAOS experiments and the pre-stress protocol overlap.41
A main difference between the two approaches is the time scale; typically pre-stress
measurements take much longer than LAOS experiments. One should particularly exercise
some care when relaxation on the time scale of the pre-stress protocol (minutes) plays a role.
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Box 2. Quantitative analysis of strain-stiffening hydrogels. The mechanical properties of
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makes it sometimes confusing to compare results of different studies. In many cases, however, the
presentations can be interconverted relatively easily. From a strain sweep (LAOS experiment) of the
rheometer, one obtains the stress-strain diagram (panel a), which is often converted by plotting the
shear modulus G′  σ/γ as a function of applied stress or strain (panel b). In this representation, the
shear modulus is constant (G' = G0, linear viscoelastic regime) until stiffening sets in. The stiffening
response is sometimes quantified by calculating the increase in shear modulus at an arbitrary
stress/strain and normalize it to G0.
A third method uses the differential (shear) modulus K′ ≡ ∂σ/∂γ that better captures the mechanical
properties at a certain strain. K’ can be calculated by differentiating the stress against the strain, or
measured directly using a pre-stress protocol (see main text). When K′ is plotted against the applied
stress (panel c), one clearly observes the linear and the stiffening regime. In the linear regime, K′ =
G0 and in the stiffening regime the differential modulus scales to the stress: K′ ∝ σm, which allows
the quantification of the critical stress, σc, a measure for the sensitivity of the hydrogel towards stress,
as well as the stiffening index m, a measure for the responsiveness towards stress.
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In that case, pre-stress experiments are less suitable and one should use the much faster
LAOS protocol. In this review, we present experimental data of strain-stiffening hydrogels that
originate both from LAOS and pre-stress protocols. To facilitate comparison, we converted all
LAOS data (that gives G′) to the differential modulus K′.
Many molecular and architectural parameters have been described that influence the
linear and nonlinear mechanical response of hydrogels. Experimentally, the most used
parameters to tune mechanics are the concentration c of the polymer or gelator and the
crosslinking density. Also for ideal semi-flexible networks both play a role. MacKintosh and
co-workers10 developed a theory based on thermal fluctuations that predicts the linear modulus
G0:
𝐺0 = 6𝜌𝑘𝐵 𝑇 𝑙𝑝2 /𝑙𝑐3

(1)

Here, ρ is the polymer density in length per volume ρ = χc/N, where χ combines several
molecular constants. Then kB is Boltzmann’s constant, T is temperature and lp and lc are the
persistence length and the length between crosslinks, which will come back often in this
review. Changing the concentration will affect both ρ and lc. The theory predict that G0 ∝ c2.2,
which has been corroborated in many experimental studies.
As is obvious from eq. 1, a parameter that plays a key role in the mechanical properties
of semiflexible networks is the persistence length lp, which for assembled fibers or bundles
strongly depends on the number of polymer chains N inside the bundle as well as their packing.
For strongly interaction polymer chains holds lp = lp,0N2, where lp,0 is the persistence length of
a single polymer chain. The persistence length is challenging to control experimentally. For
polyisocyanide hydrogels, vide infra, lp depends on temperature42 and can be further tuned by
the addition of salts to the aqueous solution.43
Besides the linear modulus, an important mechanical feature of strain-stiffening
hydrogels is the stress (or strain) where stiffening commences, termed the critical stress σc or
strain γc. MacKintosh’s theory finds that σc depends on the same parameters as the linear
modulus:
𝜎𝑐 = 𝜌𝑘𝐵 𝑇 𝑙𝑝 /𝑙𝑐2

(2)

The critical strain is readily calculated from γc = σc/G0 = 6 lc/lp. The predicted (and
experimentally observed) concentration dependence of the critical stress, σc ∝ c2, is close to
that of the linear modulus, which implies that the γc is nearly concentration independent.
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Critical stresses in biopolymer networks are typically small, below 10 Pa, which is is the range
of forces that cells apply to their matrices.9
A final term that should be considered is the stiffening index m, which quantifies how
strongly a gel responds to an applied stress. In the stiffening regime of a hydrogel, one typically
finds power law behavior K′ ∝ σm. For biopolymer gels, exponents ranging from 0.75 (fibrin)
to the theoretical limit 1.5 (actin) have been found.44
2.3 BIOPOLYMER HYDROGELS
Several proteins inside and outside the cell play a determining mechanical role. In vivo, these
biopolymers are commonly spatially organized, which strongly effects the physical properties
of the cells and tissues. Reconstituted gels, usually of purified proteins, are much more
homogeneous, but still, they form excellent models for study the role of the mechanical
properties at the cell biology level and are an inspiration for the design of synthetic polymers.
Overall, the biological gels are usually rather soft (G0 ≈ 1–100 Pa) and strongly strainresponsive with a nonlinear regime that starts at stress as low as σc ≈ 0.5–10 Pa.9,56 We note
that estimates of stresses exerted by cells (fibroblast) as a result of contraction can easily reach
20 Pa,57 which means that in these biological matrices, cells are able to modify their mechanical
microenvironment without changing the matrix.
Also the architecture of the in vitro reconstituted biopolymers show great
resemblance.9,45,47,49,58-60 At microscopic level, fibrous networks are formed through bundling
or hierarchical assembly of the proteins. The architecture of relatively stiff bundles allow the
formation of a relatively stable network (i.e. a gel that does not collapse) at very low
concentrations. As a consequence, the network has large pores (0.1–10 µm diameter), which
facilitates transport of nutrients, waste and other molecular signals, as well as cell spreading,
migration and proliferation.1
In the next paragraphs, we discuss the strain-stiffening properties of biopolymer
hydrogels to dig out patterns that nature uses to control stiffness and strain-stiffening. For
convenience, we group the biopolymers in three different classes: extracellular filaments which
are part of the ECM, intracellular filaments which form the cytoskeleton, and other
biopolymers based on proteins or polysaccharides/glycans that are not present in vertebrate
cells.
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2.3.1 Extracellular matrix filaments
Collagen. Collagen is the most abundant protein in the ECM. Collagen peptide chains form
trimeric molecules that woven together into a triple helix, which then further assemble into
long and stiff fibrils with different thicknesses.61 Controlling the structure of the network is the
principle way to change the strain-stiffening properties of collagen gels in vitro. For example,
dilute gels with large mesh size present a strong response and low critical strain compared to
concentrated gels,52,62 while collagen gels with thin unbundled fibrils and small pore size
exhibit high c.52 Another approach to induce microstructural changes in collagen type-I gels
uses different ionic strengths upon gel preparation, which gives gels of with different linear
moduli, but, in this case, the nonlinear response overlaps at large strains, indicating that the
mechanism of strain-stiffening is preserved.63 In contrast, collagen gels that are crosslinked
with glutaminase show a stronger stiffening response and lower c compared to not crosslinked
gels, while the linear moduli remain constant.62 Post-gelation architectural changes in collagen
type-I gels can be induced by subjecting the gel repeatedly to large-strain loads, which causes
fiber alignment64-66 and lengthening, with consequent increase in c.66 The last example
underlines how important the microstructure of the gel is for the microscopic and for the
macroscopic mechanical properties.

Fibrin. A second biopolymer that is part of the extracellular matrix is fibrin, the main protein
in blood clots that play an important role in wound healing.67 Similar to collagen, in vitro
polymerized fibrin gels are strain-stiffening9,68 with a very strong stiffening response at low
fibrin concentrations. Fibrin gels, however, distinguish from collagen with a remarkable
resilience with gel fracture above strains of 200 %.69-71 Fibrin’s unique combination of high
resilience and strain-stiffening is a direct result of its hierarchical architecture. The formation
of fibrin fibers starts with the assembly of fibrinogen into a double-stranded protofibrils,
followed by the assembly of tens to hundreds of these protofibrils into fibrin fibers (Fig.1).72,73
Based on the large diameter up to 200 nm,38,74 fibrin fibers would be expected to behave as
rigid polymers, however, the fibers contain a large amounts of water,75 which opens up the internal
structure and results in more flexible fibers in comparison to more densly packed bundles. A strain
experiment shows that fibrin gels present two linear and two stiffening regimes.76 The first linear
and stiffening regime reflects the stretching of thermal fluctuations of fibers between network
crosslinks; in this regime, deformations (and the stiffening response) is fully reversible. The second
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Fig. 1. Architectures of hydrogel networks of biopolymers and bioinspired materials and their stressstiffening response. a) Biopolymer networks are formed through hierarchical assembly of monomeric proteins
into fibers with persistence length lp and contour length LC in the microns range (Copywrite Elsevier. Reprinted
with permission from reference 9). As an example, the illustration shows the assembly of fibrin into a percolated
network. (Copywrite Springer Nature. Reprinted with permission from reference 75). b) Akin to structural
biopolymers, several biopolymer hydrogels are formed through the hierarchical assembly of polymers. The
mechanism involve formation of β-sheets into more complex structures, resulting in long and stiff fibers, as shown
for agarose network123 and methylcellulose.115 Some bioinspired networks do not assemble into complex
structures, but form simple networks interconnected with β-sheets or crystalline junctions. The absence of
assembly results in high concentration required to form a gel. The examples of stress-stiffening gels are formed at
the following conditions and concentrations: extracellular matrix and cytoskeletal filaments (0.2 – 0.3 wt%);9
pectin (1.0 wt%);128,129 gelatin (physically crosslinked, 3 wt%);111 agarose (20 °C, 0.016 wt%);123 alginate (10 mM
Ca2+, 1.0 wt%);134 methylcellulose (70 °C, 0.18 wt%);117,118 fibroin (4.2 wt%).106 Copywrite ACS. Reprinted with
permission from references 123 and 115.

linear and stiffening regime correspond to the affine stretching of flexible regions within the fibers
and gives rise to irreversible changes in the network architecture.75-77

Elastin. A third abundant extracellular matrix protein that is critical to the elasticity of a range
of tissues is elastin. Elastin fibres not only provide mechanical integrity to tissues, but also have
critical functions in the regulation of cell behaviour.78 In contrast to collagen and fibrin, elastin
has a relatively low persistence length and should be considered a flexible polymer.
Consequently, gels formed from purified elastin generally do not strain-stiffen.16,79,80
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Matrigel. Matrigel is the trade name of a protein mixture secreted by mouse sarcoma cells and
has developed as the golden standard for cell cultures.81 The protein mixture contains many
components, besides countless bioactive signaling molecules, it has structural proteins, such as
laminin and collagen. The latter gives rise to a strain-stiffening response of the matrix
material,16 but the stiffening response is weak compared to a pure collagen hydrogel. The
effective concentration of collagen, combined with interaction with the other components
reduces stress responsiveness of Matrigel.
2.3.2 Cytoskeletal filaments
Also inside the cell, one finds a network of filamentous proteins, called the cytoskeleton.
Together they define the shape and mechanics of cells.82 Transmembrane proteins called
integrins physically anchor cells to the ECM fibers and thus, establish a mechanical link
between the ECM and the cytoskeleton. The three major types of cytoskeletal filaments are
actin filaments, microtubules and intermediate filaments. Of these three types, microtubules by
far have the highest persistence length, while intermediate filaments are the most flexible
filaments. The difference in bending stiffness causes networks of these three filaments to have
very different mechanical properties.83

Actin. Actin is the most abundant protein in eukaryotic cells. Globular actin polymerizes into
fibrous actin (F-actin) filaments with a diameter of 7 nm, contour lengths up to 20 µm83 and lp
≈ 15 µm.10,84 The filaments are bundled and cross-linked into networks by actin-binding
proteins (ABPs), where the size of the ABPs is an essential parameter to control the thickness
of the bundles and geometric packing of the filaments within bundles.85 Considering that the
structure of the bundles is essential to the (non)linear elasticity, the use of different ABPs can
be a straightforward strategy to tune the mechanical properties without changing the actin
concentration. Other approaches to tune the mechanical properties of actin hydrogels are
through changing the temperature,86 the type of crosslinker87-89 and the degree of
crosslinking90. Weakly crosslinked actin gels have large pores and do not show stressstiffening.91 The shear modulus of these networks remains constant for strains up to 100%.53,92
More densely crosslinked actin networks53,92 i.e., networks with very small pore size, or under
large compressional forces,93 do exhibit stress-stiffening. The nonlinear response of actin
networks is identical to the force-extension relationship of single filaments, with a stiffening
index that approaches the theoretical limit m = 3/2.53,94,95
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Microtubules. Compared to actin filaments, microtubules, the second major type of
cytoskeletal filaments are much stiffer. Their persistence length approaches the millimetre
range (of the order of multi-walled carbon nanotubes) with a diameter of only 25 nm.84,96
Because of the extraordinarily high filament stiffness, entangled and crosslinked microtubule
networks do not show strain-stiffening but rather a strain-weakening response.97 It was found,
however, that microtubules can dramatically change the non-linear mechanical properties of
actin filament networks.98,99 Weakly cross-linked actin networks that only show linear
elasticity up to large strains, vide supra, become strain-stiffening after the addition of a small
amount of stiff microtubules. Here, the microtubules suppress strain inhomogeneities, which
makes network deformations more affine and leads to an enhanced stress response.98 The
results of the actin-microtubules experiment underlines that the use of composites offers
additional degrees of freedom in the design of new strain-stiffening soft materials: two
materials that display linear mechanics individually, do exhibit strong nonlinear behavior in a
composite.

Intermediate filaments. Intermediate filaments (IFs) form a large family of proteins that share
sequences and structural properties. The molecular building blocks of IFs are α-helical proteins,
which bundle together into coiled coils and from fibrils with 9-11 nm diameter.100,101 They are
the softest cytoskeletal component with an lp ranging from 200 nm to 1 µm.16,102-104 Like fibrin
fibers, the hierarchical structure of IFs allows for extensive deformations before breakage at
~200 % strains. Hydrogels of IFs are much more flexible than gels of actin, collagen and fibrin
and stiffen at much larger strains than the other biopolymer networks.9

In spite of the large structural differences between these extracellular and intracellular
biopolymers, all networks formed by them show similar stiffening behavior at stresses and
strains that are well in the physiological regime (Fig. 1a). The stiffening response is the result
of the relatively large persistence length of the filaments, which are generally larger than or at
least equal to the fibril contour length. In the next section, we will discuss more strain-stiffening
hydrogels based on (modified) biopolymers or on materials that are synthetic, but strongly
inspired by biopolymer design.
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2.3.3 Proteins and polysaccharides
Strain-stiffening is also observed in several other (post-modified) biopolymer hydrogels based
on proteins and polysaccharides that are not necessarily classified as structural biopolymers.
Many of them share the hierarchically bundled network structure (and the mechanics) of
cytoskeletal and ECM biopolymer gels. In some cases, however, the network architectures are
quite different, for instance, made of fibrils formed from β-sheets or from longitudinal stacks
that form crystalline structures. This increased variety in network architectures shows that
strain-stiffening is not exclusive to bundled networks and highlights the potential of creating
strain-responsive networks by exploiting different molecular assembly motifs.
Silk fibroin. Hydrogels based on silk fibroin show strain-stiffening behavior.105-108 These
proteins consist of large hydrophobic blocks that associate into β-sheet structures and smaller
hydrophilic chains that crosslink through disulfide bonds.109 Chemical crosslinking can induce
hydrogel formation. Silk fibroin gels commonly present very small pore sizes –only few
nanometers– because of the high protein concentration (10 times that of collagen or fibrin) and
the absence of bundling.
The storage modulus and the critical stress of silk fibroin gels strongly depend on the
crosslink density, which is controlled by the catalyst concentration during the crosslinking
reaction.108 The stiffness and microstructure of the gels can also be controlled by the pH;105
gels prepared at high pH (pH ~ 11.0) have a low β-sheet content, and strain-stiffen at relatively
small strains of 5–60%. These networks are more flexible which allows the β-sheet domains to
align towards strain.105 Stiffer gels with a high β-sheet content (pH ~ 8.3) do not strain-stiffen
but rather break at small strains, suggesting that the fibers are too stiff for the small mesh size
of the network (lp ≫ lc). Electrogelation approaches yield stiffer gels with higher critical
stress,107 which proves that the preparation method can induce different mechanical properties.
More recent work associates the strain-stiffening response in fibroin with a mechanism of
strain-induced formation of crosslinks in the non-crystalline domains, which decreases lc to
values closer to lp.108 This work provides a new, strategic design rule for the development of
adaptive mechanical properties in hydrogels.

Gelatin. Gelatin is obtained after the partial hydrolysis of collagen and the grade and properties
strongly depend on the hydrolysis conditions. Gelatin gels are formed when a warm aqueous
solution of proteins in random coil conformations is cooled to allow the formation of ordered
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triple helices.110 The assembly process is fully reversible and the helices redissolve upon
heating, unless the network is stabilized with crosslinkers (e.g. gelatin methacrylate). Although
gelatin networks are considered semiflexible (lp and lc ~ 80–200 nm),111,112 the absence of a
hierarchical structure only gives gel formation atrelatively high concentrations, (> 3 wt%),
which typically results in high critical stresses.
Designing gelatin gels with different (non)linear mechanical properties are possible by
carefully engineering the crosslinking method and/or the addition of other components. Gels
with physical or chemical crosslinks (or both) give distinct linear moduli and critical stresses.111
The use of composites is a valuable and versatile strategy to tailor gel properties. Mixtures of
gelatin and alginate show a stiffening response at large strains.113 Alginate stiffens the gelatin
gel, which shifts the critical strain to higher values, without apparent changes in the stiffening
index. When, in analogy to actin/microtubules gels, multi-walled carbon nanotubes (MWCNs)
are introduced in the gelatin/alginate composite, the storage modulus and the critical stress can
be readily tuned with the MWCN concentration.114 Higher MWCN fractions reduce σc and give
a small increase in gel stiffness.114 Interestingly, the stiffening index only decreases with the
MWCN concentration in (partially) chemically crosslinked gelatin gels, but in physically
crosslinked gels, the stiffening index is independent of the MWCN concentration.

Methylcellulose. Cellulose, a linear polysaccharide of D-glucose is the most abundant organic
polymer on earth. Partial methylation of the free hydroxyl groups yields methylcellulose (MC),
which is a semiflexible linear polysaccharide with the most straightforward chemical
composition among a family of post-modified cellulose derivatives.115 When MC is dissolved
in water, it forms a thermoresponsive gel at concentrations as low as 0.18 wt%116 that shows
strain-stiffening behavior.117,118
When heated beyond its gelation point (Tgel = 50–60 °C), a clear MC solution becomes
turbid as the molecularly dissolved MC chains bundle to form uniform fibrils, with diameter
of about 15 nm.115 Controlled fibril growth is key in the formation of semi-flexible
architectures, but for MC the packing mechanism and the effects that limit the fibril diameter
are not understood. One suggestion is that the chains adopt a helical conformation and that the
helical packing dictates the uniform fibril diameter.115 Recent theoretical work also suggest an
optimum in self-assembled fibril diameters.119 Irrespective of its origin, the bundling process
significantly increases lp of the fibrils compared to the single MC chains and at elevated
temperatures MC gels are stiffer and strain-stiffen.118 The high critical strain (c > 20%)
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combined with large resilience upon breakage of almost 400% suggest that the fibrils are
relatively flexible, comparable to intermediate filaments. A variation in MC concentration
follow the theoretical predictions for semiflexible networks for the mechanical properties: G0
~ c2.3 and σc ~ c2.3.118 The stiffening index m, however is relatively low as compared to
bionetworks, presumably, because of the higher flexibility of the MC fibrils.
Another example in the cellulose-based hydrogels group is a composite of stiff tannic
acid-coated cellulose nanocrystals (CNCs) embedded in a poly(vinyl alcohol)/borate
hydrogel.120 Although the gel’s strain-stiffening regime only sets in at high strains (200%), i.e.
well beyond any biologically relevant regime, the composite is very interesting since it is the
first example of a biopolymer gel that combines strain-stiffening with self-healing properties.
Agarose. The bacterially-derived polysaccharide agarose is a product with diverse
applications.121 The biopolymers are soluble in water due to their random coils conformations,
but assemble into single and double-helices when cooled down.122 These secondary structures
bundle into a fibrous semiflexible network at low agarose concentrations (0.02–0.1 wt-%),
similar to the structural biopolymers. Fibrils are reported with a diameter of ~10 nm, lp of ~1000
nm and lc of 10–1000 nm.
Despite the semi-flexible nature of agarose hydrogels, only recently, its strain-stiffening
properties have been described.123 Earlier were merely hinted at the material’s potential for
nonlinear stiffening.124 The new experimental setup uses a cross-hatched geometry for gel
rheology, which proved essential to measure the stiffening response without wall slippage. The
linear modulus and critical stress are scaling stronger to concentration than classic semiflexible
networks, as they follow G0 ~ c3.2 and σc ~ c3.1. On the contrary, the responsiveness towards
stress, the stiffening index, is lower than other biopolymer networks (K′ ~ σ0.80, similar to the
initial stiffening regime of fibrin), indicating that that deformations are enthalpic in nature and
maybe the gel stiff suffers from slippage on the geometry plates.123

Pectin. Pectin is a family of polysaccharides that are the main components of plant cell walls.
Like a biological equivalent to methyl cellulose, the biopolymer that is primarily based on α1,4-D-galacturonic acid units is partly methylated and the degree of methylation is an important
parameter for gel formation. The hierarchical structure of pectin gels explains the typical low
concentration that is required to form a stable network. When dissolved in water, pectin chains
assemble in the presence calcium ions to form two-fold extended helices and a three-fold
structures.125 These secondary structures aggregate in helical stretches via hydrogen bonding126
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to form large assemblies,127 which increase lp to values close to lc.128 Hydrogels composed of
pectin and crosslinked with Ca2+ ions present a strain-stiffening response at concentrations as
low as c = 1 wt%.128,129 The microstructure, and thus the details of the linear and nonlinear
mechanical properties, depends on the exact structure (source) of the polymer and the assembly
conditions, determined by polymer and calcium concentration, pH and for instance, the
presence of salts that screen the polymer-calcium interactions. Although this review does not
provide a systematic study of the strain-stiffening properties of pectin gels, we would like to
highlight an interesting design principle: a broad range of pectin gel storage moduli is attainable
with a limited variation in crosslinking density.128

Alginate. Alginates are polysaccharide salts obtained from the cell walls of brown algae that
form hydrogels in the presence of Ca2+ ions. A key advantage in many fundamental studies that
use alginate gels as artificial ECM is that the matrix stiffness (and relaxation) can readily be
controlled by keeping the alginate concentration constant, but varying calcium
concentration.130,131 Calcium acts as a relatively stable ionic crosslinker between
polysaccharide chains.
Although the majority of studies on alginate gels have reported strain-softening,132,133
some reports discuss the strain-stiffening properties.134,135 The difference between the
experimental results seem to originate from the rheological set-up, which requires the use of
rough (sand-paper coated) geometries to expose the nonlinear regime.134 As with the other
examples, the nonlinear response arises from the semi-flexible structure. The alginate chains
present a modest persistence length (lp ~ 15 nm), but since the network mesh size lc, estimated
from rubber-elasticity equations, ranges in the same length scale ~15 nm,134 we can consider
the alginate network as semiflexible.
Alginate gels (c = 1 wt-%) crosslinked with Ca2+ ions (10–15 mM) show critical strain
at about 20 % strain. Like the storage modulus, also the critical stress strongly responds to
relatively small changes (mM range) in the calcium concentration.134

2.4 SYNTHETIC STRAIN-STIFFENING HYDROGELS

The fundamental advantage of synthetic hydrogels is the freedom to design and control the
structure at the molecular level, which allows one to devise the materials properties bottom-up.
Additional benefits of synthetic gels include excellent reproducibility and the availability of a
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virtually endless set of molecules and chemical reactions to fit our desires. That being said, it
proves very difficult to generate materials that display the intricate architectures and
mechanical properties of structural biopolymer gels that were discussed in the previous
sections.
From an architecture point of view, networks of synthetic polymers are typically
different from the strain-stiffening biopolymer networks: most synthetic gels (including gels
based on poly(ethylene glycol), poly(vinyl alcohol), polyacrylamide) are crosslinked single
flexible chains with very small persistence lengths (lp ≪ 1 nm) and, therefore, only present
linear elasticity. Linear elasticity originates from a reduced conformation entropy as a result of
chain extension until, at high strains, the gel yields. The shear modulus of an ideally crosslinked
flexible polymer hydrogel is simply given by the crosslink density ν, or the molecular weight
between the crosslinks Mc: G′ ~ νRT ~ RT/Mc and is independent of applied strain.
Although the different architectures hold for the large majority of synthetic hydrogels,
a steadily increasing number of reports discuss non-biological hydrogels that carry the
hallmarks of strain-stiffening. In the following paragraphs, we review these synthetic materials
and classify them in three different groups according to the nature of the networks that they
form: fibrous hydrogels based on polymers, fibrous hydrogels based on low molecular weight
gelators and hydrogels based on flexible polymers (Fig. 2). It is important to mention here that
we will not discuss hydrogels based on poly(vinyl alcohol) (PVA) crosslinked with borate.
Although these ‘gels’ are considered to be a model system to study the linear and nonlinear
properties of gels,136-138 aqueous PVA/borate mixtures are viscous solutions (G′ < G″) rather
than gels at frequencies below 10 rad s–1.
2.4.1 Fibrous networks based on polymers

Polyisocyanides-based hydrogels. The first example of synthetic hydrogels that shows strainstiffening behaviour in a biologically relevant regime is based on oligo(ethylene glycol)functionalized polyisocyanides (PIC).42,139,140 PIC gels were a breakthrough discovery in the
field of synthetic strain-stiffening gels and show great promise for several biomedical
applications.27,141-143 The helical structure of the polyisocyanide chain makes it very stiff
compared to other synthetic polymers.144 When dissolved in water, PIC forms a
thermoreversible gel with lower critical solution temperature. At low temperatures, the
polymers chains are molecularly dissolved but upon heating, they bundle into a transparent
gel.139,145 This gelation mechanism is very similar to methylcellulose gels: gel formation upon
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Fig. 2. Fibrous networks are formed from bundles of semiflexible polymers (polyisocyanides, 0.1 wt%, 35 °C)42 or
from the self-assembly of polymers into a semiflexible network (polydiacetylene, 1.5 wt%).56 Images of PIC and
PDA networks are highlighted (Copyright Springer Nature and Wiley-VCH. Reprinted with permision from
references 42 and 56). Synthetic gels based on polypeptides or proteins also form a fibrous network that shows stressstiffening properties, as shown for -hairpin polypeptide (0.5 wt%),156 polypeptides based on leucine and lysine (3
wt%),157 and triblock copolymers of collagen and fibrin (0.8 wt%). 159 b) Low molecular weight gelators assemble
into stiff fibers that form semiflexible and stress-responsive networks at low concentrations: FmocF (1.3 wt%); 162
NapGFFDopa (0.2 wt%)161 and Fmoc-lysine (0.3 wt%).163 (Copyright Wiley-VCH and American Chemical Society.
Reprinted with permission from references 161 and 163). c) Flexible polymer-based networks form stress-stiffening
gels through a mechanism of self-assembly with stiff junctions: acrylic triblock copolymers (10 wt%) 176 or forming
a self-healing network of PEI/PEG (4.15 wt%). 174 The high concentrations used to form these gels are related to
flexible nature of the network-forming polymers, resulting in small pore size. (Copyright American Chemical
Society. Reprinted with permission from the reference 176). The rheology data are adapted from the above mentioned
references.

heating is attributed to hydrophobic effects from entropic desolvation of the ethylene glycol
side chains, making the polymers more hydrophobic so that they separate from the aqueous
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solution into bundles.139 The gelation temperature is synthetically controlled by the (average)
length of the ethylene glycol side group and the end group.146,147 The gelation occurs at a very
low polymer concentration (as low as 0.006 wt%), resulting in a mechanically stable structure
with large pores filled with water.139
The critical stress of PIC-based hydrogels only amounts a few Pa, similar to most
biopolymer networks. The stiffening response follows K′ ~ σ3/2, i.e., the theoretical upper limit
in analogy to the spring-like behavior, which is also observed for hydrogels based on actin and
IF networks. From the (nonlinear) mechanical properties and the bundled architecture, the
authors calculated an average persistence length of the bundle, lp = 460 nm and an average
distance between crosslinks, lc ≈ ξ = 110 nm (for c = 1 mg mL−1) for these networks, which
positively places them in the semiflexible network range.139
The bundling process seems to play a crucial role in the mechanics of these gels.
Through the tight interactions of the polymer chains inside the bundle, the lp of the bundles is
orders of magnitude higher than the lp of the single polymers.139,145,148 In other words, without
the bundling, the filaments would be much more flexible and strain-stiffening would not be
observed until much higher strains. The size of the bundles was found to be independent of
polymer concentration and temperature, which suggests that the bundle characteristics are
intrinsic properties related to the helical structure of the single polymers.119 Nature also uses
this bundling approach to control the mechanics of biopolymer networks, by taking stiff protein
elements and controlling the degree of bundling by regulating the concentrations of
crosslinking reagents.
Several examples of how to tailor the nonlinear mechanical response of PIC have been
demonstrated. For example, parameters like the critical stress and linear modulus are
predictably tuned with concentration139 and addition of salts.43 The stiffening index can be
adapted by the addition of a second component –flexible, semiflexible or stiff– in the hydrogel
to form a composite.149 Another example of composite hydrogels shows that the nonlinear
response is triggered when poly(N-isopropyl acrylamide) networks collapse and internally
stress the PIC networks.150 The remarkable increase in stiffness, up two orders of magnitude is
akin muscle-like stiffening.

Polydiacetylene-based (PDA) hydrogels. An alternative approach to making high persistence
length

polymers

uses

pre-organization

through

self-assembly

with

subsequent

polymerization.56 Rod-like assemblies of bisurea bolaamphiphiles with a diacetylene backbone
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and oligo(ethylene glycol) side groups were topochemically polymerized with UV
irradiation.151 Further crosslinking of the rigid PDA fibers via azide-acetylene cyclo-addition
reactions yields a chemically connected network that displays strain-stiffening properties.56
PDA networks are semiflexible, as lp approaches lc (280 and 50-80 nm, respectively).
The estimated stress-response follows K′ ∝ σ, similar to neurofilaments and
reconstituted networks of collagen type I,152,153 but weaker than theoretical predictions for
semiflexible bionetworks (K′ ∝ σ3/2). The unusual stress-responsive behavior is possibly related
to the high density of the network and possible clustering of fibers.56
PDA gels are prepared at concentration down to 1 wt%.56 Designing PDA based
hydrogels with different nonlinear properties is feasible by tuning the concentration; a small
increase in concentration (threefold) stiffens the gel by three orders of magnitude.56 This high
concentration dependency is different than other semi-flexible networks where G′ ∝ c2.2.
Although the origins are unclear, concentration is a great parameter for controlling network
properties in PDA gels.
Composites are an interesting strategy for in-situ manipulation of the mechanical
properties. Incorporating PNIPAM chemically crosslinked to PDA increases the modulus as
the fibers are stressed.154 The addition of PNIPAM decreases the minimum concentration
required for gelation, from 1 wt% to 0.6 wt%.
β-hairpin polypeptides. Synthetic polymers based on biological building blocks are very
promising in the sense that the peptide sequence can be designed. The selected peptide
sequence can direct specific interactions to stimulate self-assembly into fibers and at the same
time, include biological function (such as cell-binding sequences) in the final structure.
A well-known class are synthetic polypeptides that fold into a β-hairpin structure at
elevated temperatures and subsequently self-assemble into β-sheet structures to form fibrils.155
When borate ions are added, the peptide-based gels remain intact at room temperature and
present a weak strain-stiffening response. The hydrogel becomes stiffer upon lowering the
temperature, since additional crosslinks are formed by the complexation of borate ions to the
network.156 The increase in stiffness, however is followed by a loss of the strain-stiffening
response, leading to strain-softening at very small strains, ~1 %.156 The dependence of the
mechanical properties on temperature is only observed in borate buffer; gels prepared in other
aqueous solutions display storage moduli that are independent of temperature. These results
suggest that the sequence design of the oligopeptides strongly determines (and can be used to
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direct) dominant interactions with solutes in water. New generation sequences and the
incorporation of different peptides can create a broad family of hydrogels with different
mechanical properties and (selective) responsiveness.

Polypeptides of leucine (L) and lysine (K). Polypeptide-based block copolymers of leucine
(L) and lysine (K) form α-helices that assemble into fibrils to form gels.157,158 Soft gels show a
strain-stiffening response, but stiffer gels are more brittle and weaken at very small strains. The
authors argue that the stiffening response of the K180L20 gel is a result of the non-efficient
packing of the helical segments.157
The ratio of the L and K blocks is very important design parameter for the gel
properties. Changing the composition from K160L40 to K180L20 of 3 wt% hydrogels decreases
the storage modulus by more than two orders of magnitude and, for the stiffer hydrogels,
suppress the strain-stiffening response all together. Although in all samples strain-stiffening is
relatively weak (defined as a modest increase in the shear or differential modulus at maximum
strain), the design freedom allows the preparation of diverse polypeptides that can show
nonlinear mechanical properties, similar to the previous polypeptide example.

Triblock copolymers based on collagen and silk fibroin. A third polypeptide example
includes strain-stiffening hydrogels that are prepared from a strongly bioinspired triblockcopolymers of pH-responsive silk-like blocks (SE) and nonresponsive collagen-like blocks
(C).159,160 Upon lowering the pH, the SE blocks assemble into a secondary structure of β-roll
fibrils with a cross section of 14 and 2.8 nm, while C form a hydrophilic corona around the
silk-like fibrils.159 This mechanism works for both different block-copolymers, the CSESEC
polymers with the silk-like blocks in the center and the SECCSE polymers with silk on the
outside. The self-assembly process of these polymers that is stabilized by hydrogel bonding
results in a fibrillar morphology that strain-stiffens at small strains (below 10%).159,160 The
stiffening response is very similar for both gels. The design freedom to synthesize any block
copolymers is promising to the development of hydrogels with different interactions and
mechanical properties.
The network formation process is close to the hierarchical assembly of biopolymer
networks, and less to the amphiphilic assembly of silk fibroin fibers. Because the polymers
self-assemble, the network is formed at relative low concentration (c = 0.4 wt%). The
dependence of the storage modulus with concentration, G′ ∝ c3, and the weak dependence of
the critical strain on concentration suggests that the network is more flexible than classical
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examples of semiflexible networks. The stiffening mechanism suggests that lp of the filaments
is of the same order of magnitude as lc of about 0.3 µm.160 Although lp of the filaments was not
measured directly, the authors estimated it to be in the µm range, based on relatively large and
smoothly bent assemblies in AFM and TEM images.159

2.4.2 Fibrous networks based on low molecular weight gelators

Low molecular weight gelators (LMWGs) are relatively simple precursors that assemble to
form fibrillar aggregates. The fibrillar aggregates then entangle to form hydrogels, occasionally
with properties similar to biopolymers, including low concentration hydrogels and a strainstiffening response (Fig. 2). Below, we present examples of strain-stiffening LMWGs and
suggested routes for optimization to benefit from the full potential that the self-assembly
approach can offer.

NapGFFDopa.

Hydrogels

based

on

2-naphthyl-glycine-phenylalanine-phenylalanine

(NapGFF), linked to a 3,4-dihydroxyphenylalanine (Dopa) moiety self-assemble into a fibrous
network structure. The assembly is driven by π-π stacking and hydrophobic interactions of the
NapGFF peptide. Incorporation of the Dopa moiety introduces electro-responsiveness to the
fibers. Upon oxidation of Dopa to Dopaquinone, the fibers become more hydrophobic and
bundle into a thicker fibrillar structure.161 The fibers diameters, according to AFM imaging,
are ~0.8 and ~2.5 nm, for the reduced (Dopa) and oxidized states (Dopaquinone), respectively.
The latter is of the same order of magnitude as those reported for PIC and PDA (~3.3 and 6.6
nm, respectively).56,145 Although not discussed by the authors, the AFM images of the fibers
also suggest a large persistence length of the fibrils.
NapGFFDopa forms gels at low concentrations (0.2 wt%), but the absence of bundling
may limit the pore size of the network. Hydrogels at 0.5 wt% show a storage modulus G0 =
100-200 Pa and a weak strain-stiffening response. Surprisingly, only the reduced state hydrogel
(Dopa) is strain-stiffening. For the hydrogel of the oxidized form (Dopaquinone) with the
thicker fibers no stiffening response is observed, but instead, gives shear-softening. The weak
stress response of NapGFFDopa may be attributed to the high bending energy of the thick
fibers, the dynamic nature of the network and fast relaxation mechanisms. Interfibrillar
crosslinking is necessary to introduce strain-stiffening to PDA networks53 along the same
argument, one may anticipate that the nonlinear mechanical response of NapGFFDopa
networks can be extended with additional junction points.
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Fmoc-phenylalanine. Another example of a LMWG is simple protected amino acid fluorenylmethoxycarbonyl-phenylalanine (FmocF), a molecule that assembles upon lowering the pH.162
FmocF forms a relatively soft hydrogel with an onset of strain-stiffening below 1 % strain.162
The fibrillar structure of FmocF gels and their moderate concentration of ~1 wt% may give the
network a good mesh size for biological applications. Unfortunately, the authors do not provide
data relating to mesh size, or other characteristic length scales, such as lp or lc.
The control over the linear modulus and critical stress by the simple addition of dyes162
is very interesting from the design point of view. Chemical entrapment of these dyes inside the
self-assembled structure is an easy and effective method to control the mechanical properties.
The work also underscores how important is to tailor the molecular structure to achieve strainstiffening: the incorporation of a hydroxyl group into phenylalanine results in Fmoc-tyrosine
(FmocY), which gels are 2 orders of magnitude stiffer and show strain softening. We expect
that a more pronounced strain-stiffening response may be achieved by making the network
more permanent through crosslinking, like reported for PDA.53

Di-Fmoc-L-lysine. Another Fmoc-protected amino acid is di-Fmoc-L-lysine. This LMWG
similarly forms strain-stiffening gels.163 Hierarchical assembly through π-π stacking forms onedimensional fibers with a diameter up to 50 nm, which further assembly into a network through
topological entanglements, similar to networks of FmocF.
The force-extension curves show a very weak strain-stiffening response that quickly
shifts to a strain-softening response as the strain increases.163 The strain-stiffening response in
di-Fmoc-L-lysine networks is only observed at a gelator concentration of 0.3 wt%, which
approaches the range of biopolymer gel concentrations. However, the gel is formed in a mixture
of 1-propanol and water, which presents an obvious limitation of this system towards biological
applications. Solvent effects appear to be significant; gelation was not achieved without an
initial organic solvent solution of di-Fmoc-L-lysine, and gels from other organic co-solvent
solutions than 1-propanol do not display strain-stiffening.164

These three examples of LMWGs highlight viable strategies to achieve a nonlinear mechanical
response by engineering the materials at molecular level. The clear advantage is the design
freedom, but the results on the macroscopic mechanical level are not always intuitive, as is
obvious from the Fmoc-based gelators: the large differences between Fmoc F and FmocY,162
and the strong 1-propanol solvent response di-Fmoc-L-lysine. The work indicates that the
hydrophilic/hydrophobic balance of the environment is extremely important in fiber and
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network formation. Attaching functional groups to the fibers will be an interesting approach to
changing the mechanical and responsive properties of the corresponding gels, for example,
electrostatic groups that respond to the pH, or oxidative groups.
While the LMWG examples present experimental challenges to perfectly modulate the
system towards biopolymer-mimicking mechanical properties, they also suggest that many
other LMWG-based hydrogels that form fibrillar aggregates are potentially strain-stiffening.165172

For example, for different Fmoc-dipeptides-based gels, junction points are created through

the formation of beta-sheets when the gel is sheared.169 The introduction of these points may
shift lc to lp, since the effective pore sizes decrease, which may give strain-stiffening properties
to the gel. The nonlinear mechanical properties of the vast majority of LMWGs-based gels
were either not measured or the gels were not analyzed under the right experimental conditions,
as discussed before for alginate and agarose hydrogels

2.4.3 Flexible polymer-based networks

Despite the argument that we made at the start of the review, that the strain-stiffening response
in hydrogels is the result of a dilute network of semi-flexible bundles or fibers, clear signatures
of the effect have also been observed in more classical flexible polymers. We highlight two
examples:

Acrylic triblock-copolymers. Telechelic triblock copolymers with two poly(methyl
methacrylate) (block A) end blocks separated by a poly(methacrylic acid) (block C) midblock
are essentially flexible polymers,173 but, they still form strain-stiffening gels (Fig. 2c).174 When
dissolved in water, the hydrophobic end blocks entangle and form junctions that are connected
by the hydrophilic midblocks. The resulting physically associated network shows strainstiffening that was explained by entropic stretching of the random coils and removal of thermal
undulations. When the midblock filaments approach their maximum extensibility, the
stiffening response becomes dominant and a rapid increase in stress is observed.174
Short-midblock polymers (A22C45A22) have a much lower critical strain than long-midblock
polymer (A34C114A34).174 As the stiffening is dominated by stretching of the midblock,
maximum extensibility is reached at lower strains for the short-midblock polymer. Triblock
copolymers with very long midblock (A370C1450A370) do not possess strain-stiffening,173
corroborating to the mechanism of finite extension. The mechanism is similar to the one
described for polysaccharide-based gels, in which the junction nodes are the crystalline zones.
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These results show that the design of strain-stiffening is possible through the synthetic
manipulation of the middle block.
The triblock copolymers require a significantly high concentration of 10 wt%, which
results in small pore and a high shear modulus and a large σc (~1000 Pa) that is far from
biological relevance. An identical stiffening response was observed for gels of triblock
copolymers with a poly(n-butyl acrylate) midblock in 2-ethyl-1-hexanol instead of
water.40,174,175

Branched polymers. A relatively recent and very interesting example discusses hydrogels
based on highly crosslinked networks from the association of branched polyethylenimine (PEI)
and polyethylene glycol (PEG).176 Gelation occurs spontaneously through Schiff base reactions
of the amine and aldehyde groups on the PEI and PEG polymers. The dynamic and reversible
character of such crosslinking covalent bonds grant PEI/PEG gels intrinsic self-healing
capabilities.176
In addition, hydrogels of PEI/PEG possess strain-stiffening that follows K′ ∝ σ. The
plateau modulus G0 (between ~1 Pa at 3.85 wt% and ~1000 Pa at 6.25 wt%) and critical stress
σc (~1–100 Pa) both strongly depend on temperature and concentration. The mechanical
behavior is also tuned by changing the length of the PEG chains, analogous to changing the
midblock size of the ACA triblock-based hydrogels. As PEG length increases, larger strains
are required to overcome the thermal fluctuation of the random coil and to reach a stretching
regime. Different to ACA networks, however, PEI/PEG hydrogels do not present entangled
junctions and are completely flexible, suggesting a different mechanism.
In general, the nonlinear response of reversible networks can be defined as a
combination of i) nonlinear force-extension elasticity of stretched random coil conformation
of a polymer, which explains the different mechanical behavior as the length of PEG chains
are changed (discussed above); and ii) stretch-induced increase of the number density of
bridging chains, associated to the creation of new joints within the network under strain and
the effective reduction of lc.177 The latter should have an important contribution to the
nonlinearity.
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2.5 SYNTHETIC VS. BIONETWORK GELS

Although common in structural biopolymer gels, most synthetic networks lack strain-stiffening
properties. A key difference is that biopolymer gels are mainly constituted of fibrous, semiflexible components, whereas most the building blocks of synthetic polymers are flexible,
which pushes the transition to the nonlinear stiffening regime to very high strains, often beyond
the maximum strain of the gel.
Two parameters seem to be crucial for the strain-stiffening materials discussed here:
the persistence length lp of the filaments that form the network and the distance between
crosslinks lc. For a strain-stiffening network, lp needs to be larger than, or at least equal to lc,
otherwise linear elasticity dominates up to large strains at which the network will break.
However, if the filaments are too stiff and lp is several orders of magnitude larger than lc, the
networks will be very brittle and will also break before showing any stiffening. We estimate
that, roughly, lp should be 1–100 times larger than lc for a network to show an effective strainstiffening response. The high lp of biopolymer-based gels gives rise to intriguing mechanical
properties in terms of linear modulus and critical stress: the combination of a modest shear
modulus, a low critical stress makes the materials extremely responsive. The strategy that
nature developed to reach networks with lp in the same scale as lc is through hierarchical
assembly and aggregation into bundles. Small oligomers of glycoproteins polymerize to form
filaments that are bundled and crosslinked into a network, giving rise to a semiflexible
structure. Note that this strategy is also responsible for effective strain energy dissipation that
gives fibrin its high extensibility.
The high persistence length as a result of bundling in biopolymer networks gives stable
networks at low polymer concentrations with large pore sizes, all very favorable architectural
properties for biological applications. Yet, some biopolymer networks form responsive gels
with structures that are less bundled, proving that strain-stiffening is achievable in other
designs. In these cases, flexible domains of coiled chains are crosslinked with stiff and
crystalline zones of secondary structures, which act as junctions of the chains. Although the
persistence length of coiled flexible segments is low, lp is of the same order of magnitude as lc
in these materials, which characterizes them as semiflexible. In many cases, the structure is
inhomogeneous and has small pores, which leads to a relative stiff segments.178 Although a
stiffening response is observed, a strain-softening mechanism can also take place due to
unzipping mechanisms of the crosslinked areas. A strategy to overcome strain-softening would
be by creating strong inter-fibrillar crosslinks that survive the tension as the strain increases.
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On the downside, the relative high modulus, small pore size and large critical strain of these
materials severely limits biological applications.
Synthetic hydrogels are composed of an incredible diverse range of building blocks,
and, consequently, their network architectures are often very dissimilar to biopolymer gels. For
low lp synthetic polymers, there seem to be two approaches to create strain-stiffening materials.
The first approach is to make networks of flexible segments with stiff junctions at very low lc,
i.e., by increasing the polymer concentration. Examples of this approach are the acrylic blockcopolymers and the PEG/PEI gels. A second approach is to increase lp through self-assembly
of single polymer chains into fibers or bundles, analogous to biopolymer networks. It is
important that the formed fibers or bundles are indeed semi-flexible, otherwise the gels display
mainly linear elasticity. Realizing a semi-flexible structure in synthetic polymers is daunting
task. We presented an approach of a relatively rigid polymer that bundles to form a much more
rigid fibers (PIC) and one photopolymerized self-assembled and crosslinked network (PDA).
A clear advantage of fibrous networks is that very low polymer concentrations are used,
resulting in large pores. Whilst PIC and PDA networks have been explicitly described as
semiflexible, we can speculate that Fmoc-phenylalanine, di-Fmoc-L-lysine and NapGFFDopa
also form networks of semiflexible fibers based on their network and fiber structures observed
in microscopy studies.161-163
Synthetic networks based on oligopeptides156,157,160 are promising due to the large
freedom in design, basically to change the amino acid sequence as well as the building blocks
themselves. As the fibrillar structure depends on the amino acid sequence, a detailed screening
may provide information on to how to tailor lp and lc. Moreover, the chemical modification of
side groups to provide crosslinking points is an easy route towards more mechanical stability
to the fibers and decreased flexibility.
Several networks based on LMWGs form fibrous structures similar to bionetwork gels.
These molecules present advantages towards the design of synthetic strain-stiffening
hydrogels, as they can be chemically modified to optimize the network architecture, for
instance to manipulate the fiber diameter and the persistence length.179,180 The design of fibers
in which lp approaches lc, combined with chemical or physical crosslinking points to create
permanent junctions and avoid strain-softening mechanisms, should result in gels with strainstiffening properties, even if it went unnoticed in the first experiment. As an example,
dendrimer gels show hierarchical self-assembled networks through the formation of long
fibers,181 that apparently are semi-flexible. Although these gels display strain-softening in
LAOS experiments, we speculate that the mechanical characterization could be improved by
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promoting better attachment of the gel sample on the geometry plates, as demonstrated for
alginate and agarose gels. Another example of a promising candidate with yet unexplored
strain-stiffening properties is the functionalized 1,3,5-benzenetricarboxamide (BTA) gel.182,183
Ethylene glycol-decorated BTA fibers demonstrate a high lp and are similar in structure to PIC
fibers; the ethylene glycol side groups can induce bundling at elevated temperatures.182
Furthermore, different BTA derivatives have been shown to form gels at low concentrations,
with networks of high persistence length fibers and a large apparent pore size.183 A key
challenge of LMWG is their intrafibril stability. Although the self-assembled structure look
straight on TEM or AFM images, it is not always clear if the assemblies can hold stress without
breaking.
Finally, nature does not use single components, but rather composites and a hierarchical
combination of polymers and structures.98 Creating composites is an attractive route (certainly
from a synthetic point of view) to optimize a range of properties, including mechanical
properties. Mixing stiff materials that can act as stiff junctions in a flexible matrix can result in
a strain-stiffening hydrogel, as already shown for some composites.114,120,149 Besides,
composites offer the opportunity to tailor the strain-stiffening response of some semiflexible
networks by optimizing the nature, concentration and interactions with the second
component.98,111,149

2.6 CONCLUSIONS AND OUTLOOK

This review discusses several examples of strain-stiffening biopolymer as well as fully
synthetic hydrogels. It has been known for many years that the strain-stiffening response of
biopolymer networks is crucial for protecting tissue integrity and for mechanotransduction
mechanisms. However, there are few examples of synthetic polymer networks that show a
similar stiffening response under stress or strain.
The design of synthetic polymers towards truly biomimetic mechanical properties
should aim to mimic attributes observed in biopolymer gels as closely as possible. Networks
with persistence length in the same length scale as the pore size are essential for obtaining
strain-stiffening response. For biological applications, a second desired parameter is a large
pore size (>5–10 μm), which would allow cell migration and transport of nutrients. Large pores
are only achieved at low polymer concentrations combined with a network formed of
assembled fibers. Assembly is a result of structural elements of molecules or polymers that
physically entangle, aggregate or even react to create covalent bonds. Many synthetic networks
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fulfill such parameters, yet do not display strain-stiffening, proving that more molecular
tayloring could be necessary to improve the mechanical properties. Individual filaments formed
by stacks of molecules or single polymers need rigidifying structural elements, either chemical
or physical. Rigid filaments provide bending stiffness to a bundled semiflexible fiber and
increase lp towards lc.
Controlling the self-assembly into semiflexible fibers remains a challenge to be solved,
which is probably why so few synthetic strain-stiffening gels have been discovered and
reported at the moment. Control over the bundling process combined with stabilization and
rigidification of the fibers will be the key to new generations of strain-stiffening hydrogels. The
outlook is a material that, depending on lp and lc, can stiffen over a very broad range of strains.
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Cytoskeletal Stiffening in Synthetic Hydrogels

ABSTRACT
Although common in biology, controlled stiffening of hydrogels in vitro is difficult to achieve;
the required stimuli are commonly large and/or the stiffening amplitudes small. Here, we
describe the hierarchical mechanics of ultra-responsive hybrid hydrogels composed of two
synthetic networks, one semi-flexible and stress-responsive, the other flexible and
thermoresponsive. Heating collapses the flexible network, which generates internal stress that
causes the hybrid gel to stiffen up to 50 times its original modulus; an effect that is
instantaneous and fully reversible. The average generated forces amount to ~1 pN per network
fibre, which are similar to values found for stiffening resulting from myosin molecular motors
in actin. The excellent control, reversible nature and large response gives access to many
biological and bio-like applications, including tissue engineering with truly dynamic
mechanics and life-like matter.
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Chapter 3
3.1 INTRODUCTION
Hydrogels are attractive materials to mimic the complex microenvironment of cells and
tissues1-4. The mechanical properties of the gels can be readily matched to those of target tissues
or extracellular matrices5, typically by changing polymer concentrations or crosslink densities.
The vast majority of synthetic and biological hydrogels developed so far, largely display static
mechanical properties, i.e. their physical properties do not change after hydrogel formation,
although some will relax under stress6-8. Their static character is in stark contrast to nature
where extra and intracellular matrix mechanics is far from constant. One of the simplest
examples of dynamic stiffening in our daily lives is the actomyosin contraction. Myosin in an
actin matrix forms the basis of muscular contraction, or (cortical) stiffening in nonmuscular
cells, by transforming chemical energy stored as ATP into contractile stress9. Many other
biological events also present stiffening over time, like tissue fibrosis10,11 and tumor
formation12, or softening processes caused by enzymatic degradation13. Novel stiffening or
softening approaches for (semi)synthetic networks commonly depend on in situ generation or
removal of crosslinks, but their application is still limited by the lack of reversibility14-16, their
unidirectionally (i.e., gels that only stiffen or soften14,16), by the long-time scales16-18 and the
small changes in modulus16-19. Despite these limitations, already significant biological
stiffening effects have been observed.
Here, we report a biocompatible, yet fully synthetic, and dynamic hydrogel, composed
of an interpenetrating network of the fibrous, stress-responsive polyisocyanide (PIC) and the
thermoresponsive poly(N-isopropylacrylamide) (PNIPAM). Minute environmental changes
(heating 1 °C) collapses the PNIPAM network, which generates stresses that transduce into a
mechanical response and yields materials that become up to 50 times stiffer. The effect is
instantaneous and fully reversible. The excellent control, reversible nature and large response
gives access to many biological and bio-like applications, including tissue engineering with
truly dynamic mechanical control.

3.2 RESULTS
Interpenetrating double responsive networks. Ethylene glycol-substituted PIC gels uniquely
mimic many aspects of biopolymer gels, but –as a synthetic polymer– can be tailored much
easier20-22. The fibrous network architecture renders such gels soft, but strain-stiffening, i.e.
their stiffness rapidly increases on deformation23-25. This effect, which is rarely found in
synthetic polymers, is used here to generate large forces from small environmental changes.
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Force generation to deform the PIC network originates from the PNIPAM that undergoes a
sharp morphological transition at its lower critical solution temperature26 (LCST = 33 °C). As
such, the energy source is temperature, rather than ATP in myosin motors. The hybrid or
interpenetrating network (Fig. 1a) is formed by mixing the PIC polymer with the NIPAM
monomer, crosslinker and initiator in cold water and heating the solution between 20−30 °C.
Beyond its gelation temperature (Tgel ≈ 18 °C), a dilute PIC solution (0.25−2 mg mL−1)
immediately forms a network of bundles resulting in a soft gel. The thermally-initiated
polymerisation of NIPAM (30−500 mM) and the crosslinker N,N′-methylenebisacrylamide
(MBAA, 0.5−3 mol-% of NIPAM) is slower and, consequently, the PNIPAM network forms
in between the PIC bundles27. This procedure yields an interpenetrating network (IPN) with
both networks independently formed and only mechanically interlocked. Due to the presence
of the semi-flexible PIC network, the resulting hybrid does not swell in water at T > Tgel
(Supplementary Fig. 1) and barely shrinks (< 0.5 %) when heated beyond the PNIPAM LCST
(Supplementary Fig. 2). A constant volume is essential for 3D tissue engineering applications.
The transitions and mechanical behaviour are readily probed using rheology. Fig. 1b
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Fig. 1. Controlling the stiffening response. a) Schematic overview of the structure of PIC-PNIPAM hybrid
hydrogels. The flexible PNIPAM network (green) is generated in the presence of the pre-formed semi-flexible
PIC network (red), resulting in two interpenetrating networks. Heating the hybrid gel (transparent gel in the vial)
beyond the LCST of PNIPAM (T ≈ 33 °C) leads to a transition in the PNIPAM network. The hybrid becomes
opaque, but does not shrink (no volumetric change). b) Thermoresponsive mechanical properties of PIC-PNIPAM
hybrid hydrogel with 1.0 mg mL–1 PIC and 17 mg mL–1 PNIPAM, and the single networks at the same
concentrations. Arrows indicate PIC gelation and the PNIPAM LCST. The stiffness of the hybrid gel increases
by more than an order of magnitude at the LCST of PNIPAM compared to the single-component PIC hydrogel.
The moduli of the PIC and hybrid gels are dominated by the elastic contributions. Loss data is provided in
Supplementary Fig. 7.
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shows the stiffness or storage modulus G′ of the PIC/PNIPAM hybrid hydrogel (concentrations
1.0 and 17 mg mL−1, respectively), compared to both single networks at the same
concentrations. At 17 mg mL−1, the pure PNIPAM network (green data) does not percolate and
is too soft to be reliably measured (Supplementary Fig. 3); only beyond its LCST, we observe
a very soft material with G′ ≈ G″ ≈ 1 Pa. The PIC gel (red data) forms at 18 °C, indicated by a
jump in G′ and continues to stiffen with increasing temperature as a result of the increasing
persistence length of the polymer chains and, hence, of the bundles22. Similarly, heating the
hybrid PIC/PNIPAM gel (blue) shows PIC gel formation at 18 °C and a much larger jump in
G′ at 33 °C. Within a few degrees, the hybrid is over 20 times stiffer than its single components.
The intense thermal stiffening response of the semi-interpenetrating gel stems from the
strain stiffening characteristics of the semi-flexible PIC gel. External deformation of this gel
(and of other semi-flexible gels) is known to increase the modulus 10−100 times28,29. At the
LCST, the collapse of the PNIPAM network in the hybrid similarly stresses the PIC network,
but now the stresses are internal, rather than externally applied. We note that the collapse of
PNIPAM in itself results in an increase in the gel stiffness30, but that in our case, the nonlinear
response of the PIC network amplifies this increase many times. The presence of internal
stresses on the PIC network is supported by the development of a negative normal force FN
(Supplementary Fig. 2), although the random orientation of the stresses and the scattered
domains of the unpercolated PNIPAM fractions strongly reduce values for FN compared to
earlier reported values for samples under uniaxial external deformation31
Tailoring the stiffening temperature. To realise the correct interpenetrating architecture, it is
necessary to polymerise NIPAM above Tgel of PIC (18 °C) and below the PNIPAM LCST (33
°C); properties of hybrids polymerised at 20 °C and 30 °C are nearly identical (Supplementary
Fig. 4). Salt addition impacts both transition temperatures32,33, following the Hofmeister effect,
which already was used to predictably tailor the mechanical properties of PIC gels. A strongly
kosmotropic salt like NaCl reduces both Tgel and the LCST, which shifts the entire mechanical
curve –with both transitions– to lower temperatures (Fig. 2a, orange data compared to blue data
for deionized water). The extent is directly proportional to the salt concentration, for instance,
both Tgel and the LCST reduce ~3 °C in (kosmotropic) serum-free media (Supplementary Fig.
5). Chaotropic salts, such as NaClO4 show different effects; they increase Tgel of PIC, but
decrease the LCST of PNIPAM. As a result, the polymerisation temperature window narrows,
and at 0.5 M NaClO4, Tgel > LCST (brown data) and the PNIPAM network collapses before
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Fig. 2. Controlling the stiffening temperature. a), Shifting transition temperatures with salts; NaCl (orange
data) shifts the PIC Tgel and the PNIPAM LCST to lower temperatures. At 30 °C, the difference between deionised
water (blue data) and 0.5 M NaCl is nearly a factor 100 in G'. NaClO4 (red data) increases Tgel and decreases the
LCST, such that they reverse, which impedes the stiffening effect. The transition temperatures are indicated by
the arrows. b Copolymerisation with NEAM shifts the LCST to higher T, whilst Tgel remains constant (not shown).
In addition, the transition broadens and the low temperature modulus increases. At high T, the G' reaches the same
plateau for all copolymer compositions.

PIC bundles are formed, which inhibits transfer of the internal contractile forces and results in
the loss of the thermo-mechanical effect. To move the transition to physiological temperatures
and beyond, we copolymerise NIPAM with N-ethylacrylamide (NEAM, 10−40 mol%),
yielding copolymer LCSTs between 33 and 45 °C (Fig. 2b). With 10 mol% NEAM, the hybrid
stiffens at exactly 37 °C. In addition, we observe that with increasing NEAM content, the low
temperature modulus increases (the result of physical interactions between the PIC and the
polyacrylamide networks), but the high temperature modulus plateaus at the same level. The
latter is fully in line with common strain-stiffening experiments that show high stress moduli
that are independent of concentration, temperature or polymer molecular weight22.
Network morphologies. In the IPNs discussed so far, the PIC and PNIPAM-based networks
are not covalently attached, but only mechanically interlocked. We disregard crosslinking
between PIC and PNIPAM due to radical transfer reactions, since the PIC turns into a liquid at
T < Tgel (Fig. 3a, blue circles). One may argue that the stress transfer may be more effective
when the two networks are covalently attached. Hence, we prepared a PIC gel where 3 % of
the monomers carries an acrylate functional group2. NIPAM polymerisation with this polymer
introduces covalent bonds between the networks, which prevent disassembly of the PIC gel
below Tgel (Fig. 3a, green squares)34. Interestingly, the stiffening behaviour at the LCST is
identical and the IPN is just as effective. Moreover, the IPN (with sufficiently low PNIPAM
concentrations) offers the advantage of easy cell harvesting after liquefying the gel by cooling.
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Similarly, changing the crosslink density (0.2−5 mol-% MBAA) in the PNIPAM network does
not affect the stiffening response considerably (Supplementary Fig. 6). In gels of PNIPAM
only, the crosslink density controls the swelling capacity, but since the PIC do not swell in
water (Supplementary Fig. 1), it is appreciable that the mechanical properties are independent
of the crosslink density. In fact, even without crosslinker, i.e. only in the presence of linear
PNIPAM chains, the PIC network stiffens at the LCST (Fig. 3a, orange diamonds). The
thermo-mechanical transition at the PNIPAM LCST is much sharper for these semi-IPNs,
which gives a 10-fold stiffness jump in no more than 0.5 °C. Additionally, these samples are
readily prepared by simply mixing two cold polymer solutions at the desired concentrations,
and, for potential biological applications, MBAA, a suspected harmful compound35 is
completely omitted. Note that for the semi-IPNs and the IPNs a small loss modulus is found
with G″ ≪ G′ (Supplementary Fig. 7).
Response rates and reversibility. The stiffening response of the hybrid is fully reversible;
repeated thermal cycling (10 times) between 30 and 37 °C show excellent reproducibility and
limited hysteresis (Fig. 3b). The response rate does depend on the experimental heating/cooling
rate (Fig. 3c, Supplementary Fig. 8). Low heating rates (0.1 °C min–1) showed very sharp
transitions with a 15 fold stiffness increase in only 1 °C (for cPIC/cPNIPAM = 1/17 mg mL−1).
Faster heating broadens the transition and shifts it to higher temperatures (Fig. 3d). Note that
in our rheometer, the observed rates are limited by heat transfer from the Peltier plate to the
aqueous sample. In slowly heated samples, one can readily evaluate the maximum degree of
stiffening achievable over a pre-defined temperature window ΔT. For the intermediate
concentrations cPIC/cPNIPAM = 1/17 mg mL−1, we find that G′ increases 8, 16 or 51 fold in a
temperature window ΔT = 0.5, 1 or 5 °C (Supplementary Fig. 9).
Tuning the generated force. The stiffening effect increases with the PNIPAM concentration,
cPNIPAM (Fig. 3e). A denser PNIPAM network applies more internal stress to the PIC network
and pushes the PIC stress-stiffening response to higher moduli; experimentally, we find G′
∝cPNIPAM1.4 (Supplementary Fig. 10). Even at very low cPNIPAM (3 or 6 mg mL−1), where the PNIPAM
network certainly does not percolate but rather forms microgels, we still observe a clear, albeit small
step in the stiffness of the hybrid (factor 2–5). When the PNIPAM stiffness dominates that of the
stiffened PIC gel (at cPNIPAM > 60 mg mL−1), the amplification diminishes and we simply find the
stiffening that one expects from PNIPAM gels30 (Supplementary Fig. 10). Stiffening also increases with
PIC concentration (Fig. 3f); in a denser PIC network, more bundles are impacted by the PNIPAM
collapse. As PIC forms stress-stiffening hydrogels at very low concentrations22, the mechanical
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small hysteresis observed after 10 cycles (only even cycles displayed). c) Stiffening transition at different heating rates (0.1–
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concentrations in a, b and c,d are PIC/PNIPAM 1/17, 2/17 and 1/40 mg mL−1. e-f) Increasing the PNIPAM (e) or PIC (f)
concentration increases the storage modulus G′ of the PIC/PNIPAM hybrid after thermally induced stiffening. g) Differential
modulus K' against the external pre-stress σ for a 1 mg mL−1 PIC hydrogel at T = 33 °C. The dotted lines correspond to the
modulus of the PIC/PNIPAM hybrid gels at T = 37 °C and the external pre-stress σ corresponding to this modulus. Direct
comparison between G′ and K′ is allowed, because of the strong similarity between the experiments: in both cases, we
determine δσ/δγ as a function of static pre-stress that is induced either by PNIPAM or by externally applied stress. h, The
average internal stress σint generated by the PNIPAM network scales linearly with the product cPNIPAM ∙cPIC for all studied
samples. The dashed line is a power law fit to the experimental data (slope 0.97). i-j) The average force per fibre as a function
of cPNIPAM (i, cPIC = 1 mg mL−1) and cPIC (j, cPNIPAM = 17 mg mL−1) only depends (linearly) on the PNIPAM concentration (note
the logarithmic x-axes). Lines are power law fits.

response is still observed for cPIC as low as 0.25 mg mL−1, with a 50 fold increase in stiffness at the
PNIPAM LCST.
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Stress quantification. We estimate the generated stresses by calibrating the samples to
externally stressed PIC gels. At high stress, the mechanical properties of a gel are more
accurately expressed by the differential modulus K′ = δσ/δγ (where σ and γ are the oscillatory
stress and strain). At low stress, K′ = G′, but beyond a critical value, the modulus increases
rapidly: K′  σm with the stiffening index m ≤ 3/2 (Fig. 3g, black data)22,28. Comparing the moduli
of the PNIPAM-stressed hybrid with the externally stressed PIC gel (Fig. 3g, dotted lines)
allows us to calibrate the average internally generated stress σint. Note that for the calibration,
we restrict ourselves to cPNIPAM ≤ 34 mg mL−1, since this regime, the modulus at 37 °C is
dominated by PIC stiffening and the PNIPAM modulus is negligible. At higher PNIPAM
concentrations, the latter starts to contribute significantly. Although theoretical work suggests
that the mechanics of internal and external stress may be quite different36, the analysis showed
excellent agreement for internally and externally stressed networks of actin and myosin motors9.
As we empirically find that the hierarchical stiffening effect requires the contribution
of both materials in the network, we plotted the internally generated stress σint against the
product of the PIC and PNIPAM concentrations (Fig. 3h). All measured data points collapse
to a linear master curve, which confirms that for the strongest effects, one needs both
components sufficiently present. It is not trivial that we find such simple linear relation in a
complex material that is intrinsically heterogeneous and nonlinear mechanically responsive.
Apparently, however, the local differences in architecture are averaged over the entire sample
to give a consistent macroscopic response. This averaging at larger length scales presents high
reproducibility and great predictive power.
By averaging over the entire sample, we use the approximated σint generated by the
PNIPAM network to calculate the average force F on a PIC bundle from F = σ/ρ, where ρ is
the (average) PIC bundle density in length per volume, analogous to the force analysis in
actomyosin systems20. Obviously, for constant cPIC, we retrieve a linear relation with cPNIPAM
(Fig. 3i). More PNIPAM linearly increases the average force per PIC fibre. On the contrary,
we find that the average force on a network fibre is independent of the PIC concentration (Fig.
3j). While the density of PIC fibres increases, the number of PIC fibres under stress increases
as well and overall, the force per fibre remains constant. We anticipate that for high cPIC, this
independence no longer holds, but we are experimentally unable to reach this regime.
Remarkably, the magnitude of the highest average forces found in the fibrous PIC network is
quantitatively similar to the forces generated by myosin motors pulling on actin filaments in
reconstituted crosslinked F-actin networks, where F ≈ 1 pN was found9.
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Mechanism of force transduction. From small-angle X-ray scattering (SAXS) and atomic
force microscopy (AFM) studies, we derived the mechanisms behind the stiffening response in
the hybrids. SAXS scattering profiles of the PIC network below and above the PNIPAM
collapse (Fig. 4a and Supplementary Fig. 11) show a major difference at small scattering angles
q, due to the changed network architecture. For quantitative analysis, the profiles were fitted to
the phenomenological correlation length model, used before21 to describe the polydisperse PIC
network: Inetwork(q) ∝ I0[1 + (qξ)p]−1, where I(q) is the experimental scattering intensity
(Supplementary Fig. 12). The constant forward scattering intensity I0 indicates that differences
in scattering profiles should be attributed to changes in the network architecture
(Supplementary Fig. 11). The fitting results show that as the PNIPAM collapses, the PIC
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°C, which also contains a Kholodenko bundle term with LB > 200 nm, lp,B > 200 nm (both outside the experimental
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Note that in the SAXS experiments, the PIC network (4 mg mL –1) scatters much stronger than the PNIPAM
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network becomes denser (increase in the Porod exponent p) and the average pore size decreases
(decrease in the characteristic network length scale ξ, see inset table Fig.4), confirming that
indeed, the PNIPAM collapse transfers to PIC network and activates the subsequent stiffening
reaction. These architectural changes are fully in line with myosin-induced densification of Factin networks37 and may form the basis to precisely control mechanics in fully artificial lifelike systems.
AFM imaging of the hybrid at T = 25 and 40 °C (Fig. 4b,c) shows a large increase in
the surface roughness of the gel, as the PNIPAM contraction forms cluster with dimensions of
about ~100 nm. At low cPNIPAM, they are isolated (highest roughness), but at higher
concentrations, they merge and the roughness decreases (Supplementary Fig. 14). A cluster
size larger than the PIC pore size is essential for an effective stiffening response, particularly
at PNIPAM concentrations below the percolation threshold and, even more so, for linear
PNIPAM chains. The absence of any stiffening response in recently published
collagen/PNIPAM38 hybrid may very well be attributed to this mismatch in length scales. To
the best of our knowledge, no other hybrid network exhibiting similar hierarchical stiffening
has been reported so far.

3.3 CONCLUSION
In summary, we prepared extremely responsive biomimetic hybrid networks composed of
synthetic semi-flexible and responsive flexible polymers, which can become an unprecedented
50 times stiffer in just a few degrees. Although the mechanism of force generation is completely
different, the stiffening response is remarkably similar to what happens when myosin motor
stress the F-actin network; even quantitatively similar forces are measured in the network.
These stresses built up in the network linearly scale with the PIC and PNIPAM concentrations.
The straightforward relation seems remarkable considering that the PIC network is highly
heterogeneous, the PNIPAM even more when polymerised under the percolation threshold and
considering that the PIC network shows a highly nonlinear mechanical response. Simulations
on the mechanics of active materials39 may soon be able to also provide further insight in multiscale mechanisms of these complex materials.
The hybrids discussed here may be applied as dynamically switchable cytoskeletal
components in synthetic cell-like systems40 triggered by a small thermal cue, but the stimulus
may be replaced by any other mechanism that induces a collapse (coil-to-globule transition) of
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the flexible polymer component. More importantly, the 1 °C step allows one to control the
mechanical properties in (PIC-based24,41) cell growth studies42 where now, we are able to
precisely and dynamically control the cellular mechanical environment43. In addition, at low
PNIPAM concentrations, microgels and no percolating networks are formed, which favours
3D cell culture applications; in fact, cooling below Tgel dissolves the entire hybrid into a low
viscous liquid that enables easy cell extraction. Towards advancing a true muscle mimic, we
need to make the step from stiffening to macroscopic contraction, which requires unidirectional
orientation the semi-flexible polymer network.

3.4 METHODS
Sample preparation. Details of materials preparation are given in the Supplementary
Information. Stock solutions were prepared in 18 MΩ cm purified water (MilliQ) unless
mentioned otherwise. The hybrid hydrogels were prepared by mixing the PIC solution (4 mg
mL–1) on ice with a solution of NIPAM (2.0 M, Sigma Aldrich, recrystallized from a mixture
of toluene and hexane (1:1) prior to use) and a solution of MBAA (0.1 M, Sigma Aldrich) in
the desired ratios. For the samples involving salts, a stock solution (2.0 M) was diluted such
that the final concentration amounted 0.5 M. The molar ratio NIPAM:MBAA was fixed to
100:1 unless mentioned otherwise. To this mixture, potassium persulfate (PS, final
concentration of 10 mM, Sigma Aldrich) and tetramethylethylenediamine (TEMED, 1 µL,
Sigma Aldrich) was added to initiate the polymerization. The mixture was then transferred
immediately to the rheometer and incubated for at least 1 hour at T = 30 °C (default) or T = 20
°C (with NaCl) to allow the polymerisation reaction to complete. For the conjugated hybrid
hydrogels, acrylate-functionalised PIC polymers (Supplementary Methods) was mixed with
NIPAM, MBAA, PS and TEMED and the final solution was immediately transferred to the
rheometer as described before. For the linear PNIPAM synthesis, an aqueous solution of
NIPAM (350 mM) and PS (3.5 mM) at T = 0 °C was purged with N2 for 15 minutes. Degassed
TEMED was added and the polymerization was carried out at T = 30 °C for 1 hour. At 0 °C, a
mixture of PIC/PNIPAM was prepared to reach a final concentration of 1 and 17 mg mL –1,
respectively, and the solution was transferred to the rheometer for mechanical analysis.
Rheology. The mechanical properties were analysed on a stress-controlled rheometer
(Discovery HR-1 or HR-2, TA Instruments) using an aluminium or steel parallel plate geometry
with a plate diameter of 40 mm and a gap of 500 µm. The samples were loaded into the
rheometer as a solution at T = 5 °C and immediately heated to T = 30 °C. The complex modulus
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G* was measured in oscillation of amplitude γ = 0.01 at frequency ω = 1.0 Hz. The samples
were subsequently heated to T = 37 °C (1 °C min−1). The DHR rheometers are equipped with
axial force control and change the gap size when the axial force |FN| > 0.2 N, which ensures
good contact between the plates and the sample. The nonlinear response of the gel was
evaluated by applying a constant pre-stress (σ0 = 0.2 – 500 Pa) to the sample and a small
superposed oscillatory stress (δσ < 0.1 σ0; ω = 10 – 0.1 Hz). From the measured oscillating
strain δγ, we determine the differential modulus using K′ = δσ/δγ. For the reversibility, a PICPNIPAM hybrid gel was analysed by multiple heating and cooling cycles between 30 and 37
°C with 5 minutes stabilisation between cycles. For the heating/cooling rate tests, the PICPNIPAM hybrid was cycled multiple times with rates 0.1–10 °C min−1, also allowing for
stabilisation between the cycles.
Small angle X-ray scattering (SAXS). SAXS measurements were performed at the BM26B
station at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Samples
were contained in 2 mm quartz capillaries and inserted in a Linkam hot stage to control the
sample temperature at T = 30 to 40 °C. The scattering intensity of only PNIPAM was low
compared to that of PIC (Supplementary Fig. 13) and was subtracted from the double-network
scattering, which yielded only the contribution of PIC network.
The obtained scattering intensities I as a function of the modulus of the scattering wave vector
q were fitted to a combined Kholodenko worm-like chain model and the empirical correlation
length model:
I (q) = I PIC (q) + I network (q) = (D ) 2 P0 (q, L,2lp ) PCS (q, R) +

I0
1 + (q ) p

(1)

where Δρ = ρpolymer – ρwater is the electron density difference between the polymer chain (PIC)
and the solution, φ is the polymer volume fraction, 𝑃0 is the form factor, 𝐿 is the bundle contour
length, lp is the polymer persistence length (half of the Kuhn length), 𝑃CS is the cross section
form factor for flexible cylinders, R is the cross-sectional radius of the polymer chain. In the
correlation length model I0 is the forward scattering intensity, ξ is the characteristic length scale
of the inhomogeneities and Porod exponent p is associated to the network packing density.
In all PIC gels, a small fraction of the polymers is not incorporated in the gel and scatters as
dissolved single semi-flexible polymers, which is described by a Kholodenko term with fixed
fitting parameters contour length L = 72 nm, persistence length lp = 8 nm and chain radius R =
1.0 nm, values obtained from earlier work4. The major component of the fitting model is the
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correlation length model that describes the network heterogeneities. PIC gels are comfortably
fitted with p = 2, which is the limit where the correlation length model is identical to the
Ornstein-Zernike model that we used earlier. For the PIC/PNIPAM (4/6 mg mL−1) hybrid, not
all PIC polymers are affected by the collapsing PNIPAM network at 40 °C and we need a
second Kholodenko term to describe this bundled fraction. For these bundles we set L and lp =
200 nm (outside the experimental window) and find a radius R = 6.7 nm which is larger than
the bundle sizes of the PIC network (RB = 2.9 nm).
Estimation of internal network forces. From the estimated stress σint generated by the
PNIPAM network, we calculate the average force F on the PIC fibers resulting from the thermal
response of PNIPAM as:
F=

 int
 PIC

(2)

where 𝜌PIC is the PIC bundle density in length per volume, which is defined as:
 PIC =

lM N A c
M N

(3)

in which 𝑙M is the length per monomer unit projected along the polymer backbone (𝑙M = 0.25
nm), 𝑁A is Avogadro’s number, 𝑀 is the molecular weight of isocyanide monomer (𝑀 = 0.316
kg mol–1), 𝑐 is the PIC concentration in the hybrid (𝑐 = 1 kg m–3) and 𝑁 is the average number
of polymers chains per polymer bundle (𝑁 = 7.3, determined by SAXS measurements20). Note
that the analysis gives a macroscopic average, since both the PIC network and the PNIPAM
structure are very heterogeneous.
Atomic force microscopy (AFM). Atomic force microscopy images were obtained with a
Catalyst BioScope (Bruker) coupled to a confocal microscope (TCS SP5II, Leica). Imaging was
done in tapping mode using silicon nitride cantilevers with nominal spring constants of 0.06 N
m–1 (S-NL type D, Bruker). The samples were prepared on a WillCo-dish glass bottom dish
and heated to 37 °C using a LakeShore Model 331 temperature controller. Water was kept on
top of the gel to prevent drying out. Each sample was kept at this temperature for at least one
hour prior to measurements at T > LCST. Root mean square (RMS) values were calculated
using the roughness feature of NanoScope software (Bruker).
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3.6 SUPPLEMENTARY MATERIAL
Supplementary Methods
Synthesis of dibenzocyclooctyne-functionalized acrylamide. The dibenzocyclooctyne-amine (12 mg,
0.044 mmol, Click Chemistry Tools) was dissolved in dry THF (10 mL) and acryloyl chloride (13.4 µL,
0.13 mmol, Sigma Aldrich) with a drop of trimethylamine (JT Baker). The reaction mixture was stirred
for two hours at room temperature after which the mixture was poured into ice water (50 mL). The
aqueous mixture was extracted with dichloromethane (3 × 50 mL). The combined organic layers were
washed with a 0.1 M HCl solution, dried with MgSO4 and the solvent was evaporated in vacuo. The
resulting product was purified by precipitation in n-hexane and vacuum dried to yield 4.4 mg (30 %) as
a yellow solid. 1H-NMR (Bruker Avance III, 400 MHz, CDCl3, ppm) 7.67 (d, 1H, CHAr), 7.38 (m,
7H, CHAr), 6.28 (s, 1H, NH), 6.10 (m, 1H, CO-CH-CH2), 5.92 (m, 1H, CO-CH-CH2), 5.53 (d, 1H, COCH-CH2), 5.16 (d, 1H, CHAr-CH2), 3.72 (m, H, CHAr-CH2), 3.46 (m, 1H, CO-CH2-CH2), 3.29 (m, 1H,
CO-CH2-CH2), 2.56 (m, 1H, CO-CH2-CH2), 2.00 (m, 1H, CO-CH2-CH2). 13C NMR (101 MHz, CDCl3,
ppm) δ 170.09, 164.43, 151.55, 148.35, 132.38, 131.58, 129.53, 128.95, 128.25, 128.07, 127.73, 126.83,
124.92, 122.46, 121.44, 114.29, 108.02, 54.86, 48.60, 35.04, 34.12. FT-IR (ATR, cm-1) 3308, 2925,
1658, 1448, 1400, 1230, 754. MS cal.: 330.4, obtained: 331.1.

Supplementary Figures

Supplementary Fig. 1. Swelling behaviour of the gels. (a) PIC/PNIPAM (3/40 mg mL-1) does not present visible swelling
after 24 hours in contact with water, marked by no change in the volume in comparison to the original one marked by the
blue line. (b) The swelling of PNIPAM single-network (40 mg mL-1) in water is quite intense, causing the breakage of the gel.
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Supplementary Fig. 2. Variation in gap size and axial force with temperature. (a,b) The development of normal force due
to the PNIPAM collapse causes changes in the gap size for (a) PIC/PNIPAM 1/17 (b) 1/60 mg mL-1 and equivalents singlenetworks. The gap size does not change significantly with temperature, except for the single-network PNIPAM 60 mg mL1. PIC only gel presents a small expansion with temperature. The presence of PIC network prevents the shrinkage of the
hybrid gel and a small change in size is observed. To ensure good contact between the rheometer plates and the soft
sample, we record data under axial force control. When the normal force exceeds |0.2| N, the gap size changes. This
means that the gaps size is a direct measure for the formation of normal stresses in our samples. (c,d) Axial force variation
for the samples (c) PIC/PNIPAM 1/17 and (d) 1/60 mg mL-1. Both samples show a negative (pull down) force with PNIPAM
collapse, right after the development of a positive axial force. Note that the axial force scale for the higher PNIPAM
concentration is much larger than for the unpercolated network.
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Supplementary Fig. 3. Stiffening effect. Mechanical properties of the IPN PIC/PNIPAM (1/17 mg mL−1) with the PNIPAM data
on a linear scale.
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Supplementary Fig. 4. Influence of polymerisation temperature. Storage modulus as a function of temperature for
PIC/PNIPAM double network hydrogels formed at T = 20 (blue circles) and 30 °C (red squares).
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Supplementary Fig. 5. Stiffening in serum-free media. Storage modulus as a function of temperature for PIC/PNIPAM
double-network hydrogel formed in serum-free media. Both Tgel of PIC and the LCST of PNIPAM shift a few degrees to lower
temperature.
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Supplementary Fig. 6. Impact of the PNIPAM crosslinker concentration. The crosslinker concentration cMBAA does not affect
the mechanical properties of the hybrid PIC/PNIPAM (1/17 mg mL −1). The crosslinker concentration is expressed in mol-% of
NIPAM.
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Supplementary Fig. 7. Viscoelastic properties of IPNs and semi-IPNs. (a) Storage and loss moduli as a function of
temperature for the semi-IPN and IPN if PIC/PNIPAM (1/17 mg mL−1). The hydrogels behave as viscoelastic materials with G′
>> G″. (b) Storage and loss moduli for the PIC/PNIPAM 1/40 at temperatures below (T=30 °C) and above (T=37 °C) PNIPAM
LCST. The loss modulus presents a small dependence with frequency. (c-e) Storage and loss moduli as a function of
temperature for PIC only gels (c) PNIPAM-only gels (d) and PIC/PNIPAM IPNs (e) at different PNIPAM concentrations.
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Supplementary Fig. 8. Stiffening rates as a function of heating and cooling rates. Effect of the heating/cooling rate to the
stiffening effect (PIC/PNIPAM 1/40 mg mL–1). Up to 3 °C min–1 the transition temperature is similar, although the effect is
much sharper at slow rates. Faster rates are limited to the heat capacity of the systems, as seen for the late stiffening at rate
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Supplementary Fig. 9. Maximum achievable stiffness jump in a temperature window. Relative stiffness increase, defined as
G′T+ΔT/G′T for a temperature window ΔT, for the hydrogel PIC/PNIPAM 1/17 at a heating rate of 0.1 °C min–1. The hybrid IPN
stiffens about 8 fold in 0.5 °C, 15 fold in 1 °C and 51 fold in 5 °C.
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Supplementary Fig. 10. Storage modulus dependence on the PNIPAM concentration. Storage moduli G′ of the IPNs (cPIC =
1 mg mL−1, purple data) and PNIPAM only networks (open blue) as a function of the PNIPAM concentration beyond the LCST
(= 37 °C). The line is a power law fit: G′ ∝ cPNIPAM1.4 for the hybrids. Single networks can only be measured for cPNIPAM ≥ 17 mg
mL−1. Single and hybrid networks with cPNIPAM = 60 mg mL−1 show similar G′. Beyond this concentration, the mechanics are
dominated by the PNIPAM network.
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Supplementary Fig. 11. Small angle X-ray scattering of PIC/PNIPAM hybrid hydrogels. SAXS curves with PIC/PNIPAM
concentrations of 4/6 (squares) and 4/17 (circles) mg mL–1 at T = 30 and 40 °C. The profiles allow a clearer visualization of
the large increase in the scattering intensity at low scattering angles q. The fitted I0 values of the correlation length model
are depicted in the inset.
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Supplementary Fig. 13. Small angle X-ray scattering of PNIPAM networks. Scattering profile of PNIPAM (17 mg mL -1) at T
= 30 °C and T = 40 °C. At low q values, the scattering intensity for the PNIPAM network is much smaller in comparison to the
hybrid hydrogels.
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Supplementary Fig. 14. AFM analysis. AFM images for PIC hydrogel at (a) 25 °C and (b) 37 °C, and for the PIC/PNIPAM
hydrogel (4/17 mg mL-1) at (c) 25 °C and (d) 37 °C. The roughness of PIC hydrogel is almost invariable with temperature, while
for the hybrid gel the roughness increases from 12 to 80 nm with LCST (note the change in z-scale).
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Adaptive Ultraresponsive Soft Matter towards Biological
Applications

ABSTRACT
Opposed to materials with static properties, adaptive hydrogels better mimic the dynamic stiffness
of biological systems. Recently, we developed an ultraresponsive hybrid hydrogel with remarkable
stiffening upon application of a small thermal cue. However, the non-physiological conditions
hamper biological applications. In this work, we optimize our hybrid hydrogels to fit physiological
conditions while preserving maximum stiffening, thermoresponsiveness and the porous
architecture. The easy preparation combined with the tunable nature of synthetic materials allows
us to make a large step towards the dynamic stiffening found in nature.

Bas Tuenter and Coen van Schayk are acknowledge for the synthesis of PNIPAM-based copolymers and
preliminary rheology characterization.

Chapter 4
4.1 INTRODUCTION
Biological soft tissues often exhibit adaptive mechanical properties that are essential for life. For
example, sea cucumbers rapidly change their morphology and stiffness as a defense mechanism,1
while skeletal muscles of other animals provide strength for daily tasks. Recently, man-made
adaptive materials have been central in studies using mechanical cues to assess biological
responses.2-5 The major focus of these studies is to develop stimuli-responsive materials that
change their stiffness upon an external trigger. For instance, protein-based polyethylene glycol
(PEG) hydrogels reversibly soften by photodissociation of chemical switches under irradiation,
while the stiffness quickly recovers in the dark.6 In another example, fibrin networks modified
with thermoresponsive particles7 achieve a 10-fold stiffening upon a change in temperature.
Although these examples represent truly adaptive hydrogels, some downsides should be
highlighted when biological applications are targeted. Light-triggered experiments may cause local
heating on the gel and eventual damage to cellular integrity, while the stiffening in the fibrin gel
requires a broad temperature window (T = 10 °C), far from physiological conditions.
We recently developed a new adaptive hybrid hydrogel8 composed of the thermoresponsive
polymer poly(N-isopropyl acrylamide) (PNIPAM), and polyisocyanide (PIC), a synthetic material
that truly mimics the mechanics and architecture of life-forming networks.9-11 PIC hydrogels are
stress-stiffening,11 a common characteristic of bionetworks, marked by an intense increase in
stiffness when the material is stressed. As PNIPAM collapses, the generated stress internally
triggers the stress-stiffening response of PIC, resulting in a tenfold stiffening within 1°C.8 Our
hybrid hydrogels are quite promising materials for biological applications; with only a small
change in temperature, a tremendous change in the mechanical properties can be realized. For
instance, one could incubate cells at T = 35 °C and at any user-defined time, raise it to T = 37 °C,
switching the gel from soft to stiff. Because the stiffening is reversible, heating/cooling cycles
will stiffen/soften the gels, which allows us to dissect mechanotemporal effects of the extracellular
matrix (ECM).12-15 However, in PIC/PNIPAM hybrid hydrogels, the phase-transition temperature
of PNIPAM occurs at ~32 °C, lower than body temperature. Moreover, the hybrid hydrogels are
formed via in-situ polymerization of NIPAM, presenting an experimental challenge since cells
would have to be seeded in the polymerization mixture. Plus, having a crosslinked network with
relatively small pore-size is an issue for cell culture experiments in 3D.
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Here we describe different approaches to optimize our hybrid hydrogel to fit biological
conditions while having the smallest possible cues around 37 °C. Incorporating hydrophilic
comonomers into PNIPAM shifts the transition temperature, but also creates new interactions with
PIC with consequent changes in the scope of stiffening. To overcome the limitations of
polymerization in-situ and small pores from PNIPAM, we developed a pre-made “linear”
copolymer approach. Mixing PIC and copolymer solutions is very simple and straightforward,
avoiding experimental complications. Our newly developed hybrid gel presents a sharp transition
with tenfold stiffening at physiological conditions, within a 2 °C temperature window. Our results
suggest that these hybrid hydrogels are a promising platform to mimic the dynamic stiffening of
nature.

4.2 RESULTS
Tuning the LCST. Our ultraresponsive hybrid hydrogels are composed of tri(ethylene glycol)substituted polyisocyanide (PIC) and poly(N-isopropyl acrylamide) (PNIPAM).8 PIC is a semiflexible polymer that bundles in water, forming a stress-responsive network,9 akin to bionetworks
present in the cytoskeleton and in the extracellular matrix of cells. Functionalization with celladhesive peptides renders PIC hydrogels biological applications in vitro/vivo and potential use in
the regenerative medicine field.16-19 The second component, PNIPAM, is a synthetic polymer that
has been extensively used to enhance the mechanical properties and to add functionalities into
hybrid networks and composite gels.20 That is because PNIPAM presents a lower critical solution
temperature (LCST) in water, caused by a solubility change and collapse from swollen into a
shrunken state.21 When combined with PIC, the collapse of PNIPAM internally stresses the PIC
network, which responds with a large increase in stiffness, without presenting a volumetric change
or swelling.8 The stiffening response is completely reversible, tunable by the concentration of the
components and occurs at a small temperature window.
To synthetically tune the transition temperature,22-24 we copolymerize NIPAM with the
hydrophilic

comonomers

acrylamide

(AAm),

N-ethylacrylamide

(NEAM)

and

N,N-

dimethylacrylamide (DMAA) (Fig. 1a). The copolymers were synthetized from a mixture of
NIPAM and comonomers (10, 20 or 40 mol-% of comonomer, final concentration = 10 mg mL−1),
initiator solution (1 mol-%) and catalyst. After 3 hours of reaction, the resulting polymer solution
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was further diluted (2 mg mL−1). Optical transmittance (OT) analysis of the final polymer solution
allowed us to estimate the LCST, defined as the temperature at OT = 50% (Fig. 1b).
PNIPAM-only presents LCST at T = 35 °C (Fig. 1b). The transition is very sharp; the
temperature window of the transition, defined as the LCST width (TLCST) from OT = 95 to 5%,
is only 0.3 °C. Copolymerizing NIPAM with hydrophilic monomers enhances the solubility in
water, and therefore shifts the LCST to higher temperatures.22,24 PNIPAM-copolymers with AAm,
NEAM and DMAA (10 mol-%) undergo LCST above 35 °C (Fig.1b). Note that the most
hydrophilic comonomer in this series, AAm, has the strongest solubility effect,25 and therefore
tunes the LCST to the highest values. Incorporating comonomers broadens the LCST width
TLCST, in line with previous optical density measurements of P(NIPAM-co-AAm).26 We speculate
that, upon reaching the LCST, segments composed of the comonomers hinder the dehydration of
the PNIPAM and prevent a sharp collapse. Moreover, the comonomer fractions are hydrophilic
enough to counteract the aggregation of the hydrophobic PNIPAM, similar to the results described
for copolymers based on PNIPAM and acrylic acid.27,28
We then vary the composition of the copolymers from 10 to 40 mol-%. Increasing the
molar ratio of the hydrophilic monomers enhances solubility even more (Fig.1c), and shifts the
LCST to higher temperatures. Again, because DMAA and NEAM are less hydrophilic than AAm,
they present smaller change in the LCST at any given composition. The LCST width TLCST also
increases with molar ratio of comonomers (Fig. 1d).
Mechanical response. We use rheology to assess the mechanical properties of our hybrid
hydrogels. Cold aqueous solutions of monomers (40 mg mL−1) and initiator (20 mM) are mixed
together with PIC solution (1 mg mL−1). After addition of catalyst, the resulting solution is loaded
on the rheometer plate and incubated for 1 hour at T = 30 °C. At this temperature, the copolymer
is formed in the presence of PIC network. Subsequent heating causes phase-separation of the
PNIPAM-copolymers and an intense increase in the storage modulus (G′). Even though our final
target is to prepare hybrid hydrogels through the mixture of PIC solutions with a solution of linear
PNIPAM-copolymers (and in the future with a solution of cells), here we analyse gels prepared
via in-situ polymerization for the sake of simplicity.
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Figure 1. Tuning the transition temperature of PNIPAM with hydrophilic comonomers. a) Chemical structure
of the comonomers and respective LCST of polymers.29 b) Optical transmittance (OT) of PNIPAM-based copolymer
solutions. We define the LCST as the temperature equivalent to OT = 50 %, and the LCST width (TLCST) from OT =
95 to 5 % (yellow window). Dependence of c) LCST and d) TLCST with the composition of comonomers. Black data
represents PNIPAM-only.

Hydrogels with adaptive mechanical properties for biological applications ideally present
large stiffening with the smallest cues. In the case of our hybrid hydrogel, the temperature window
has to be small enough to suit biology, as a large change in temperature will not be biocompatible.
Therefore, we define a measure for the responsiveness of the hydrogel, GT+T/GT, which is the
maximum relative increase of the modulus over a temperature window ∆𝑇, starting from the LCST.
For practical applications, we focus on a T-window of ∆𝑇 = 2 °C, assuming cell survival at 35 and
37 °C. To understand more of the relative increase in stiffness, we also analyse the storage modulus
right before the LCST, or the initial storage modulus (Ginitial); and the storage modulus in the
stressed state after the LCST (Gstressed). For instance, PNIPAM-only hybrid hydrogel presents a
sharp transition at T = 33 °C, resulting in a near 10x stiffer gel within ∆𝑇 = 2 °C (Fig. 2). The large
stiffening is a result of a relatively low Ginitial and large Gstressed.
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Then, we check the stiffening response of the copolymer-based hybrid hydrogels. Similar
to the OT results (Fig. 1c), the stiffening response shifts to higher temperatures with the molar
ratio of comonomers (Fig. 2a-c,g). However, different values of LCST were found from rheology
and OT measurements, possibly due to differences in concentration used in each experiment
(Supplementary Fig. 1d). Furthermore, rheology measures bulk variations in stiffness that could
start to occur before the formation of detectable macroscopic agglomerates in the transmittance
experiments.
For the NEAM-based hydrogels, Gstressed reaches a plateau at any given molar ratio (Fig.
2a). At T > LCST, both components NIPAM and NEAM become hydrophobic and collapse, and
maximum stress is transferred onto the PIC network. The result is in line with measurements of
the hydrodynamic radii (Rh) of PNIPAM and PNIPAM-based copolymers with a second
thermoresponsive comonomer, where the same percentage variation of Rh with temperature was
observed.30 On the other side, at T < LCST, the initial storage modulus (Ginitial, Fig. 2a,h)
systematically increases with the molar ratio of NEAM, possibly from interactions between
PNEAM and PIC. This increase in Ginitial with the composition compromises GT+T/GT, resulting
in a weaker relative stiffening (Fig. 2d,i).
When we copolymerize NIPAM with AAm, the stiffening effect behaves differently in
terms of the three parameters Gstressed, Ginitial and GT+T/GT compared to NEAM-based hydrogels.
First, Gstressed decreases with the molar ratio of AAm (Fig. 2b). As the temperature reaches the
LCST, we speculate that fractions composed of AAm solvate the PNIPAM and counteract the
collapse. As a consequence, this effect leads to a loss in the stress transfer onto the PIC network
and the stiffening is diminished, rendering lower G′ at T > LCST compared to PNIPAM-only
hybrid hydrogels. Before the transition, Ginitial slightly increases due to thermal stiffening of PIC
gels,11 and therefore interactions between PIC and PAAm are minimum (Fig. 2b,h). However, the
stiffening response is very broad, which combined with a weak stiffening, diminishes GT+T/GT
(Fig. 2e,i).
DMAA-based hybrid hydrogels, akin to AAm-based gels, present a partial collapse with
consequent decrease in Gstressed with DMAA fraction, although less pronounced compared to AAmbased gels (Fig. 2c). On top of that, Ginitial stiffens with the molar ratio of DMAA, possibly because

70

Adaptive Ultraresponsive Soft Matter towards Biological Applications
of interactions with PIC. A stiffer gel at the transition temperature, combined with a broad
response, weakens GT+T/GT (Fig. 2f,i).
PNIPAM-only hybrid hydrogels showed the most intense stiffening - nearly 10 times
within 2 °C (Fig. 2i). The increase in stiffness for the copolymer-based hybrid hydrogels is weaker,
either caused by a higher Ginitial from copolymer-PIC interactions, or by broad transitions. For
example, gels with 10% NEAM, DMAA and AAm stiffen 8, 7 and 5 times, respectively, within
the temperature window of 2 °C. The more comonomers are used, the smaller the stiffening
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Figure 2. Mechanical properties of hybrid hydrogels. Hydrogels were prepared via in-situ polymerization with
PIC (1 mg mL−1) and PNIPAM-based copolymers (40 mg mL−1) in pure water. (a) P(NIPAM-co-NEAM), (b)
P(NIPAM-co-AAm) and (c) P(NIPAM-co-DMAA). Increasing the molar ratio (mol-%) of comonomers shifts the
LCST to higher temperatures, while it may also increase the initial storage modulus and broaden the phase
transition. As a comparison, data for PNIPAM-only hybrid gel are shown in black. (d-f) Relative stiffness increase
(GT+T/GT) indicates the responsiveness of the hybrid gel with variation in temperature. The stiffening becomes
less intense and broader with the amount of comonomers. Mechanical parameters are compared, (g) LCST, (h)
Initial storage modulus (Ginitial) and (i) Relative stiffness increase for T = 2 °C (GT+2/GT). Note that the LCST of
40% AAm-based hybrid hydrogel is not observed and estimated as 50 °C.

71

Chapter 4
response that can be realised. With these results, we can say that the largest stiffening response in
T = 2 °C is achieved when the lowest concentrations of comonomers are used, or the highest
concentration of NIPAM.
Optimisation to physiological conditions. Cell culture experiments are performed under
physiological conditions, which include, in addition to many other components, a phosphate
buffered saline (PBS). Ions play an important role for temperature responsive polymers. Both
phosphate (0.01 M) and chloride ions (0.1 M) present in the cell culture media shift the transition
temperature of PIC and PNIPAM to lower values.31,32 In the case of copolymers, this effect is quite
distinct to each component,29,33 and consequently it changes the amount of comonomer required
to tune the LCST. We optimized the copolymerization conditions for all three hybrid gels, in such
a way that the LCST realises at 35 °C (Fig. 3a).
In a temperature window T = 2 °C, AAm-based and NEAM-based hybrid hydrogels hold
the largest stiffening response GT+T/GT (Fig. 3b). The low molar ratio of AAm and the
temperature-responsiveness of NEAM grant them maximum collapse. The very low content of
AAm preserves a low initial G′, sharpness and responsiveness, targeted properties of the hybrid
hydrogel. We chose AAm over NEAM because it is a more common chemical and cheaper.
Tuning the scope of stiffness. The stiffening effect is finely tuned by changing the concentration
of both PIC and PNIPAM networks.8 For instance, in a denser PIC network, the stiffening response

b

20% NEAM
8% AAm
22% DMAA

1000

GT+T / GT

Storage modulus, G' (Pa)

a

100

10

1
10
28

30

32

34

36

38

40

42

44

0.1

Temperature, T (C)

1

10

 (C)

Figure 3. Mechanical properties of hybrid hydrogels in PBS. (a) LCST at T=35 °C is achieved with different
molar ratio of comonomers. (b) Relative stiffness increase for each hybrid hydrogel. AAm copolymers show a sharp
and intense stiffening, without increasing the initial storage modulus.
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is more intense. However, a denser PIC network results in smaller pores, which ultimately hampers
cell mobility19 and transport of nutrients and waste in cell culture experiments in 3D. Along the
same lines, a denser PNIPAM network results in a stronger stiffening response. But again, at very
high concentrations (c > 60 mg mL−1),8 the PNIPAM network dominates the stiffening response
and supresses the stress response from PIC. PIC gels offer the unique opportunity to tailor the
stiffness of the hydrogel without changing the concentration. Because PIC is synthetic, we can
prepare polymers with different contour length (Lc) by tuning the monomer to catalyst ratio in the
reaction flask. Hydrogels formed with a short Lc are soft due to the low persistence length of
bundles,11 and vice versa.
Hybrid hydrogels constructed with a series of PIC networks (Lc = 77-160 nm, 1 mg mL−1)
and P(NIPAM-co-AAm) (8 mol-% AAm, 40 mg mL−1) in PBS solution were analysed by
rheology. Ginitial increases with the polymer length of PIC. Consequent heating collapses the
copolymer network and triggers the nonlinear mechanical response of the PIC network. However,
Gstressed also increases with Lc. This result may be counter-intuitive, considering that the stiffness
of PIC hydrogels in the nonlinear mechanical regime is independent of the polymer length11 and
overlaps beyond a critical stress (Supplementary Fig. 3a).
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Figure 4. Polymer length Lc tunes the stiffening. (a) Storage modulus as a function of temperature for doublenetworks PIC (1 mg mL−1) and P(NIPAM-co-AAm) (8 mol-% AAm, 40 mg mL−1) with different PIC polymer
length. Increasing the polymer length Lc yields stiffer PIC hydrogels. (b) Relative stiffness increase is more intense
for the shortest PIC.
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We estimate the average internal stress 𝜎𝑖𝑛𝑡 from correlating G′ of the hybrid hydrogels
with externally stressed PIC gels (Supplementary Fig. 3).8 PIC gels, just like other semi-flexible
networks, present a well-behaved stiffening response to external shear stress 𝜎, defined as the
differential modulus 𝐾 ′ . A direct comparison of the moduli of the internally with the externally
stressed PIC-only gels allows us to estimate 𝜎int . We find 𝜎int = 65 Pa for the longest polymer and
𝜎int = 30 Pa for the shortest. When we convert the stress to the associated strain (Supplementary
Fig. 3b), we find that for all materials, the internal strains 𝛾𝑖𝑛𝑡 are very close (46 – 55%),
concluding that, at the LCST, the PNIPAM-AAm copolymers apply comparable strains onto PIC
networks.
Tailoring Lc allows us to molecularly design the scope of stiffness. The extent of stiffness,
expressed by GT+T/GT, is more pronounced for the shortest PIC gel, possibly because of the low
Ginitial (Fig. 3b). Selecting the right Lc depends on the desired mechanical properties. If one requires
a platform as stiff as possible after the transition, then a large Lc is more promising. On the other
hand, when a large GT+T/GT is desired, then a small Lc is preferred.
Gel preparation for biological essay. For applications in 3D cell culture, the matrix has to gel
around cells to establish a mechanical and biochemical scaffold, and thus the formation of the
hydrogel has to be cytocompatible. Radical polymerization in-situ in the presence of cells may
cause cellular damage and decrease cell viability. After using polymerization in-situ for screening
and optimizing the mechanical properties of the hybrid hydrogels, we synthesized linear
copolymers P(NIPAM-co-AAm) with 8 mol-% of AAm, material that is soluble in water and can
be simply mixed with a cold solution of PIC and cells.
The copolymer was synthesized through free radical polymerization and purified via
dialysis to remove any potentially toxic, unreacted monomers. The resulting polymer, isolated
through lyophilisation, was analysed by gel permeation chromatography (GPC), giving a numberaverage molar mass (Mn) of 500 kg mol−1 and polydispersity (PDI) of 3.5 (Supplementary Fig. 4).
Long polymer chains entangle in solution and prevent polymer diffusion from the hybrid gel to
the water phase. The high PDI is common to polymers synthesized by free radical polymerization
and suggests branching.
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Incorporation of 8% AAm tunes the LCST to 35 °C in physiological conditions. The final
hybrid hydrogel is composed of PIC decorated with cell adhesive peptide GRGDS (2 mg mL−1)
and P(NIPAM-co-AAm) copolymer (40 mg mL−1). We chose PIC with Lc = 160 nm due to the
higher modulus. Rheology analysis shows a ten-fold increase in stiffness, from G′ = 30 (35 °C) to
450 Pa (37 °C), (Fig.5).
Preparing our hybrid hydrogels with adaptive mechanical properties is very
straightforward. Polymers are synthesized from well-established protocols, and later dissolved in
a PBS buffer. Mixing them together results in a semi-interpenetrating network that fully liquefies
on cooling, which allows easy cell harvesting. Furthermore, the hybrid hydrogels can be combined
into microfluidic devices to form microgels; or to create gradients of PNIPAM in a controlled
mixture of PIC/PNIPAM for durotaxis experiments. The stiffening effect with temperature is
simple and, for common cell culture experiments, it does not require fancy (or costly) equipment.
Moving the gel from one incubator at T = 35 °C to another at T = 37 °C is enough to trigger the
stiffening effect. We foresee the use of our system for biological applications, or as a platform
with localized changes in stiffness (temperature).
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Fig. 5. Stiffening effect of the newly developed hybrid hydrogel. The gel was prepared from a simple mixture
of PIC (2 mg mL−1) and P(NIPAM-co-AAm) 8 mol-% solution (40 mg mL−1) in PBS. In the temperature window
of 2 °C, the stiffness increases more than tenfold.
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4.3 CONCLUSION
Hydrogels with adaptive properties closely mimic the complex changes in the mechanical
properties in vivo. Here we have optimized the stiffening effect of our adaptive hybrid hydrogels
to suit physiological conditions. Incorporating hydrophilic comonomers shifts the transition to
body temperature, while the stress transfer onto PIC is conserved. Although new interactions
promote changes in the range and intensity of the stiffening response, our newly developed hybrid
hydrogel still becomes about tenfold stiffer within a small cue. The most significant advantage of
our system is the straightforward preparation, from the polymer synthesis to the hybrid gel
formation. Because both polymers are soluble in cold water, cells can be easily harvested from the
matrix on cooling, or be incorporated into microfluidic devices or into stiffness gradient matrices
for durotaxis experiments. Our hybrid hydrogels possess suitable properties of adaptive materials
for biomedical applications.

4.4 METHODS
Sample preparation. Synthesis of PIC and conjugation with cell-adhesive peptide GRGDS
(Bachen, Germany) was carried out as reported elsewhere.9,19 Molecular weight was controlled by
tuning the catalyst concentration (Ni(ClO4)2, Sigma-Aldrich) and characterized with viscometry
measurements.9 Stock solutions were prepared in ultrapure water (18.2 MΩ·cm, Milli-Q), unless
mentioned otherwise. The hybrid hydrogels were prepared on ice by mixing PIC solution (4 mg
mL−1) with a solution of NIPAM (2.0 M, Sigma-Aldrich, recrystallized from toluene:heptane (1:1)
prior to use), and comonomers NEAM (0.5 M, Monomer-Polymer & Dajac Labs), AAm (1.0 M,
Sigma-Aldrich) and DMAA (1.0 M, Sigma-Aldrich). For the samples with salts, a stock solution
of phosphate buffer saline (PBS 10x) was diluted to reach the final concentration as found in cell
culture media (1x). To this mixture, the initiator potassium persulfate (PS, final concentration 10
mM, Sigma-Aldrich) and catalyst tetramethylethylenediamide (TEMED, 1L, Sigma-Aldrich)
were added to start polymerization. The mixture was immediately loaded onto the rheometer and
the mechanical properties were assessed. The polymerization was held at 30 °C for 1 hour.
Synthesis of linear copolymers. NIPAM and AAm (molar ratio AAm = 8%, total concentration
= 10 mg mL−1) were dissolved in ultrapure water and purged with nitrogen flow for 30 minutes.
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Then a purged solution of PS (1 mol-%) was added, followed by addition of TEMED (10 µL) to
start the polymerization. The polymerization was carried out for 3 hours. The polymer solution
was dialyzed for 2 days (Spectra/Por, cut-off = 3.5kDa) in order to remove unreacted monomers.
The resulting solution was freeze-dried, resulting in a sponge-like white solid (yield: ~80%).
Rheology. The mechanical properties were analysed on a stress-controlled rheometer (Discovery
HR-2, TA Instruments), using a 40 mm sandblasted steel parallel plate, gap of 500 m and Peltier
plate for temperature control. Oscillatory measurements were done at strain of 0.01 and frequency
of 1 Hz. The samples were further heated (up to 60 °C) at 1 °C min−1. To ensure good contact
between the plate and sample, axial stress control was used for gap adjustment (|FN| > 0.2 N). The
nonlinear mechanical properties were assessed by gradually applying steady stresses (σ = 0.5 –
200 Pa) overlapped with a small oscillatory stress (σosc = 0.01× σ). The sample was allowed to
relax after each step. From the measured oscillatory strain osc, we estimate the differential modulus
K′ = σosc / osc. For the stress-strain curve measurements, the gels were formed on the rheometer
plates and equilibrated for 1 hour at 50 °C prior to analysis. Then, a shear strain at velocity of 8.5
× 10−5 rad s−1 was applied and the stress response was measured.
LCST measurement. For the LCST measurement, copolymers (10 mg mL−1) were synthesized
in water for 3 hours. The transmittance of the copolymer solution (2 mg mL−1) was measured at
500 nm using an UV-vis spectrophotometer (JASCO V630) at various temperatures (0.2 °C min−1).
The LCST was determined as the temperature at 50 % of optical transmittance of the sample
solution.
Gel permeation chromatography. The molecular weight was characterized using gel permeation
chromatography (GPC) equipped with a Shimadzu LC-10AD VP pump and Shimadzu RID-10A
refractive index detector, having a guard column (Agilent PLgel 5 µm) and two columns (Agilent
PLgel 5 µm MIXED-D) connected in series. The calibration was done with poly(methyl
methacrylate) standards (Agilent Technologies). N,N-dimethylacetamide (Acros) stabilized with
LiCl 50mM was used as an eluent and for sample preparation. A filtered polymer solution was
injected (20 µL, 1.5 mg mL−1) and analysed at flow rate of 0.600 mL min−1 and at T = 50°C.
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Supplementary Fig. 1. Temperature-dependent optical transmittance measurements to determine the LCST of the
copolymers composed with (a) NEAM, (b) DMAA and (c) AAm. We attribute the LCST as the temperature in
which the samples achieve 50% transmittance (highlighted in the graphs). (d) Increasing the concentration of
PNIPAM in solution shifts the LCST to lower temperature.
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Unveiling the Link between Stress-Stiffening and the
Nanostructure of Semiflexible Hydrogels
ABSTRACT
Stress-stiffening is a characteristic mechanical property exhibited by many biopolymer networks
and is associated to several biological functions. Existing theoretical models have been developed
to simulate changes in the architecture of semiflexible networks under stress, but experimental
work that validates these results remains rare. Here, we combined rheology with small-angle Xray scattering (SAXS) into a RheoSAXS setup that is able to simultaneously track the changes in
the mechanical properties and the network structure as a function of applied stress. We use a
biomimetic hydrogel that closely mimics the architecture and mechanical properties of gels based
on structural biopolymers, but offers the design advantages of synthetic materials. Quantitative
analyses of the scattering curves indicate that, as the stress increases in the gel, the polymer bundles
approximate and the average pore size in the gel decreases. Considering the volume conserving
shear deformation that we apply, the decreased pore size implies that other pores will open up. The
fact that we see the largest architectural changes at small stresses is particularly interesting in a
biological context: with small contractile stresses, cells are able to physically remodel their
environment. In short, RheoSAXS is a powerful technique to study stress-responsive hydrogels
and to support the design of new biomimetic networks.
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Dutch-Belgian beamline (DUBBLE). We thank the DUBBLE staff, in particular Daniel Hermida-Merino,
for help during the SAXS experiments. Maarten Jaspers is acknowledged for planning and execution of the
experiments. Kim Steenbakkers is acknowledged for the background removal.

Chapter 5
5.1 INTRODUCTION
Biopolymer networks that surround the cells in our bodies are constantly deformed under internal
and external stresses that occur in vivo. Internal stresses originate from cells that attach to these
networks via integrin binding and contract through myosin activity. Cell-matrix interactions are
central to many essential biological functions, like migration, proliferation and growth.1-5 How and
to what extent the networks can be deformed is related to the stress-stiffening behaviour of the
underlying bionetworks.6 To properly describe stress-stiffening mechanics, one needs to
distinguish two separate regimes. At low shear stress, the linear (viscoelastic) regime, the
mechanical response of stress-stiffening material is independent of the applied stress, i.e. the
elastic modulus is simply the ratio between applied (shear) stress and strain. As the stress increases,
the bionetwork reaches the critical point and the stiffness increases under continued deformation.
The increase in stiffness with stress is thought to play a role in many biological mechanisms,1,2
ranging from protection against tissue rupture3 to long distance intercellular communication.4,5
The origin of stress-stiffening stems from the semiflexible nature of the network-forming
fibers or filaments.7,8 These fibers present high persistence length lp or bending rigidity compared
to the contour length LC, which prevents the fibers to fold into random coils. Currently, theoretical
models successfully predict stress-stiffening of semiflexible networks under deformation.6,7,9 Two
mechanisms play a role: the first is an entropic model that considers affine deformations,6,7 i.e.,
the local microscopic strains follow the global macroscopic deformations. In the entropic model,
the filaments show thermal fluctuations that are constrained between the crosslinking points. The
removal of undulations under strain gives rise to a nonlinear force-extension relation, causing
stiffening. A second model, the enthalpic model, assumes non-affine deformations of stiff
networks.10,11 In this mechanism, the amplitude of thermal fluctuations is negligible because of the
high stiffness of single filaments. At small strains, the filaments bend rather than stretch and at
large strains, the filaments in the network rearrange and align towards the strain direction, marking
the beginning of strain-stiffening with the transition from bending modes to stretching modes.
Although different in origins, both models result in a similar stress-stiffening response and, since
they are not mutually exclusive, both will contribute to some extent to stress-stiffening in
experimental, highly heterogeneous networks.
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In general, theoretical simulations of two-dimensional networks of straight filaments
associate affine deformations with stiff, high-density networks and non-affine with compliant,
low-density networks.11-13 These assumptions are in line with experimental evidence based on
actin and collagen type I networks, where the deformations are affine at high crosslinking density
but become non-affine at lower crosslink densities.14,15 Non-affine deformations have also been
observed in coarse fibrin fibers and collagen I networks, as they possess high bending moduli, do
not present thermal fluctuations and are in a more open, heterogeneous structure.16,17 Yet, which
of both theoretical networks better describe the deformations of biopolymers networks is still
unclear, due to the fact that biopolymers not only differs in bending rigidity, but also in the network
structures and biochemical functionalities that ultimately changes the architecture. Therefore, the
strain-stiffening response cannot be related to the stiffness of the filament only. For instance, lowdensity fibrin gels exhibit a transition from non-affine deformations to affine deformations with
increasing strains.18,19 Dependent on the mechanism of stress percolation, the network will
physical and reversible show changes in the architecture, which are particularly interesting for a
biological context, as we know that contractile cells will also apply forces to their
microenvironment. A direct tool to experimentally study structural modification as a function of
applied stress is needed.
In the present manuscript, we present a method to correlate the changes in architecture of
a deformed semiflexible network hydrogel to the nonlinear mechanical response of that hydrogel.
To simultaneously measure both, structure and mechanics, we combine rheology20 with smallangle x-ray scattering (SAXS) into a RheoSAXS setup (Fig.1). SAXS is a well-established
technique that is broadly used to characterize the structure of (bio)polymer gels.21 We studied a
strongly biomimetic hydrogel, based on semiflexible polyisocyanide (PIC),22 which uniquely
mimics the strain-stiffening of biopolymers, with the advantage of being synthetic - therefore, we
are able to selectively tailor molecular properties (such as the polymer contour length), while
keeping other properties constant. From the scattering curves and quantitative fitting analysis, we
derive a mechanism of deformation and conclude that most of the structural changes take place at
low stress, i.e. in the linear mechanical regime. At high stresses, in the nonlinear mechanical
regime, further changes in structure are prevented by the high stiffness of the gel. Our results shed
light on the mechanisms of strain stiffening in semiflexible networks, which, in turn, aids the
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design of improved artificial hydrogel scaffolds with biomimetic architectures and nonlinear
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Fig. 1. Schematic representation of a RheoSAXS setup. The gel sample is formed in a concentric cylinder (Couette)
geometry made of polycarbonate (PC). The PC bob is partly is partially hollow to minimize X-ray absorption. A
copper sleeve (with small holes for the X-ray beam) is mounted on a Peltier plate to keep the temperature constant
over the experiments. After a constant pre-stress σ is applied to the gel, we measure the (non)linear mechanical
properties, expressed by the differential modulus K′, by applying an additional small oscillatory deformation.
Simultaneously, X-rays pass through the sample and the scattering intensity at low scattering angles q are recorded on
a 2D detector and subsequently radially integrated. After removing the pre-stress, the procedure is repeated for
different stresses, which yields mechanical and structural information as a function of applied stress. On the left is a
representation of the changes in the network under stress. As the stress is applied, the pore size  decreases, and the
average bundle radius RB increases.

5.2 RESULTS
Experimental RheoSAXS Setup. For experimental RheoSAXS measurements, a TA Discovery
HR-2 rheometer was equipped with a home-built Couette geometry, analogous to a setup described
earlier (Fig. 2).23 The concentric cylinder geometry consists of a sample holder (cup,  = 21 mm,
wall thickness 0.5 mm) and an inner cylinder (bob) made out of polycarbonate (PC), material that
combines relatively high X-ray transparency with chemical inertness. The bob ( = 20 mm) is
partially hollow (wall thickness 0.5 mm) to reduce X-ray absorption by the geometry. In this setup,
the X-ray beam passes through four PC layers (together 2.0 mm) and two times through the sample
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(together 1.0 mm). The setup uses about a sample volume of approximately 2 mL. The PC cell is
set in a tightly fitted copper sleeve that is mounted on the Peltier plate of the rheometer, which
keeps the temperature constant over the course experiments. When the temperature is set to 50 °C,
the temperature difference between the top and bottom of the setup is less than 1 °C. The copper
sleeve has two small holes on the sides to allow the passage of the X-ray beam. For the scattering
experiments, we placed the rheometer in the sample environment of the BM26b DUBBLE
beamline at the European Synchrotron Radiation Facility, ESRF (Grenoble, France).
The stress-stiffening properties were analysed while recording the scattering pattern.24 The
mechanical properties were probed with pre-stress σ, which is overlapped with a small oscillatory
stress (σosc < 0.1 σ) at a frequency of 1 Hz. The resulting oscillatory strain osc is used to calculate
the stiffness of the gel, represented as the differential modulus K′ = σosc / osc. Typically, stressstiffening hydrogels display two mechanical regimes; the linear regime, in which K′ is constant
and independent of σ, and a second non-linear regime, where K′ increases with σ. The scattering
was recorded with a detector placed at 3.5 m apart from the sample over 4 minutes. After that, the
irradiation stopped and the sample was allowed to relax (σ = 0 Pa) for 3 minutes. This cycle was
repeated with an increase in stress during each step.

Fig 2. Photo of the experimental rheoSAXS setup at the BM26B DUBBLE beamline at ESRF in Grenoble,
France. The photo shows the Couette geometry in the cupper ‘oven’ on the Peltier plate of the TA rheometer and
the partly hollow polycarbonate bob attached to the rheometer. X-rays enter from a collimated source on the right
of the image, and exit left towards the detector, which is placed at 3.5 m from the sample.
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Materials. We studied hydrogels based on polyisocyanide (PIC), a synthetic and semiflexible
polymer that forms a network in water through the aggregation into bundles.22 Each repeating unit
of PIC contains a tri(ethylene glycol) group, which renders the polymer water soluble and
temperature responsive: a cold polymeric solution becomes a gel when the temperature rises above
the gelation point.22 The resulting gels present strain-stiffening akin to structural biopolymer
gels.25 It is important to highlight that PIC gels form a fibrous structure composed of several
bundles of polymers, and that the length scale captured by scattering experiments covers small
dimensions, i.e., the bundles thickness or radius RB and the average distance between bundles, or
the pore size ξ. Because scattering profiles from PIC gels are not very intense,26 we only carried
out experiments at a high polymer concentration. A polymer solution at c = 5 mg mL−1 was pipetted
into the Couette cell at T = 5 °C. After loading the geometry, the temperature was raised to the
desired temperature T = 37 or 50 °C and kept for 10 minutes to form a stable gel network. Then,
silicon oil layer was placed on top of the gel to prevent water evaporation.
To verify that our custom made experimental setup yields reliable scattering data, we
compared the scattering results of a sample in the RheoSAXS setup to the scattering curve of a
sample in a quartz capillary (Supplementary Fig.1).27 Both the shape of the scattering curve and
the absolute scattering intensity are very similar for the two methods, indicating that we can
reliably record SAXS data for the PIC hydrogel in the Couette setup. Furthermore, the SAXS curve
was recorded while the hydrogel sample was subjected to a continuous oscillatory stress at a
frequency of 1.0 Hz and a small stress amplitude of 0.1 Pa, which does not affect the scattering
curve of the PIC hydrogel.
Changes in the scattering profile with stress. Scattering data was recorded in a range of applied
pre-stresses σ = 1–1000 Pa. The 2D scattering profiles were normalized to the incoming beam
intensity, then radially integrated, baseline subtracted and represented as the scattering intensity I
as function of the modulus of the scattering vector q (Fig. 3a,b). In general, the shape and the
variation in the scattering intensity can be separated into 2 distinct regimes. In the first, at low
stresses, the scattering intensity at low q-range clearly increases with increasing σ, while the
intensity at high q-range (q > 0.6 nm−1) remains constant and overlaps (Fig. 3a). At q  0.3 nm−1,
we observe the development of a shoulder in the scattering profile, which gradually shifts towards
low q-range with increasing stress. After σ ~ 60 Pa, a second regime is reached in which the
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Fig 3. SAXS curves for PIC hydrogel under stresses. a) At low stresses, the scattering intensity at low q-values
increases, while a shoulder around q  0.3 nm−1 develops with increasing stress. b) At high stresses, the scattering
curves do not show significant changes with stress and almost overlap. c) Differential modulus as a function of stress
of PIC hydrogel, showing the linear regime (filled symbols) and the nonlinear stiffening regime (open symbols). d)
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regime (open symbols). Note that ΔI = I – Iσ=0. e) SAXS data (symbols) and the best fit (black lines) for PIC hydrogel
under different stresses. The fit is a combination of Kholodenko worm-like chain model and the empirical correlation
length model. For better visualisation, the scattering data and corresponding fit are vertically offset. Quantitative fit
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overlaps and does not change with further stress (Fig. 3b). Only at very high stresses the scattering
intensity decreases over the entire q-range.
Since the largest changes in the scattering intensity occur at low q-values, we plotted the
scattering intensity I at q = 0.1 nm−1 as a function of stress (Fig. 3d) and compare it to the rheology
data (Fig. 3c). The profile of the scattering intensity clearly shows two domains that follow the
linear (closed symbols) and nonlinear mechanical response (opened symbols). At low stresses, in
the linear mechanical regime, the scattering intensity strongly increases with σ. As soon as the
sample reaches the nonlinear regime, the scattering intensity plateaus and even shows a small
decrease at very high stresses. The concurrence of the transition from the linear mechanical regime,
with a large increase in the scattering intensity, to the non-linear regime with constant scattering
intensity, strongly indicates that the main structural changes in the network occur at low stresses.
Once the network stiffens, major structural deformations are prevented and the network hardly
changes with additional stress.
Fitting the scattering curves with a composite model. In order to quantify the structural changes
in the PIC network under stress, we fit the scattering curves with a composite model to retrieve
two key architectural parameters: the characteristic length scale , which represents the average
pore size; and the average cross-sectional radius of the PIC bundles RB. The composite model28 is
a combination of a Kholodenko worm-like chain model29 that we used before to describe the PIC
semiflexible polymers and bundles, and the empirical correlation length model (Fig. 3e,
Supplementary Fig. 2) that describes the network. To reduce the number of variables in the model,
we set the persistence length of the bundles lp,B and the polymer contour length LC as constant
(both are well outside the accessible range of scattering angles). The Porod exponent p, which
represents the network density, is set constant p = 2.25, close to values we experimentally
determined before.28 All other fitting parameters are detailed in Supplementary Tables 1-3 and the
Experimental Section.
The fitting curves give an excellent overlap with the experimental scattering data (Fig. 3e),
indicating that the composite model is suitable to quantitatively describe the structural changes in
the PIC network under stress. Both fitting parameters,  and RB, show a strong stress-dependence
(Fig.3f,g). The characteristic length scale  cannot be quantified at very low stresses, as  lies
outside the accessible range of scattering angles (2θ < 0.15°). At intermediate stresses, but still in
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the linear regime (filled symbols),  gradually decreases with stress up to the critical stress. From
this point onwards, in the strain-stiffening range (open symbols),  barely changes with further
stress. A similar stress-dependence trend is observed for RB (Fig. 3g). The bundle radius RB
increases with σ over the entire linear mechanical regime. In the nonlinear regime, RB remains near
constant. Note that the development of the shoulder-like shape in the scattering profile, discussed
before, is associated to the change in RB.
Polymer length dependence. Given the synthetic nature of PIC, we can tailor the polymer contour
length LC by controlling the catalyst concentration in the polymerization reaction. The polymer
contour length has a large impact on both architecture and mechanical properties of PIC,25,26 since
the persistence length of the bundles lp,B increases with LC, and the bundle radius RB decreases
with LC. RheoSAXS measurements were performed on hydrogels composed of three different PIC
polymers with average contour lengths of LC = 77, 110 and 134 nm. By keeping temperature and
concentration constant, all difference in the network structure with stress are due to effects induced
by LC.
In terms of the mechanical properties, the differential modulus K′ and the critical stress,
i.e. the stress where the nonlinear mechanical response starts, of PIC hydrogels both increase with
LC (Fig.4a).25 The scattering curves of the PIC hydrogels with Lc = 77 and 134 nm (Supplementary
Fig 3) under increasing stress show similar trends as discussed before for the PIC gel with polymer
LC = 110 nm. In the linear regime, the curves show an increase in the scattering intensity at low qrange and the development of a shoulder-like profile around q = 0.3 nm−1. As the nonlinear regime
is reached, the SAXS curves overlap or even decreases in intensity with further stress.
From the scattering curves (Supplementary Fig. 3, Fig. 3a-b), we observe that the PIC gel
with the shortest LC (77 nm) shows the largest increase in scattering intensity ΔI, which is attributed
to the thicker bundles of the networks, as discussed in our earlier work on X-ray scattering on
static hydrogels.26 Furthermore, I of the gel with LC = 77 nm increases more strongly with stress
then the other gels in the linear regime. In the softest of the three gels, low stresses are already
sufficient to cause large deformations of the sample with the most dramatic changes in the network
structure. In the nonlinear regime, the scattering intensity drops for all hydrogels.
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Fig. 4. Stress-induced structural changes in hydrogels of PIC with different polymer contour lengths. a)
Mechanical characterization of PIC hydrogels composed of polymers with different polymer contour length LC, in
the linear (filled symbols) and nonlinear (open symbols) mechanical regime. b) The increase of the scattering
intensity ΔI at q = 0.1 nm−1 as a function of stress depends on the polymer contour length. The fitting parameters
c) pore size and d) bundle radius are derived from fitting the SAXS curves with the composite model. Both fitting
parameters vary with the polymer contour length and stress.

To quantitatively assess the structural changes in the network with stress, we fit the
scattering curves with the composite model. In general,  decreases with stress, while RB becomes
larger (Fig. 4c,d). In the high stress regime, in the nonlinear regime, the pore size of all hydrogel
samples is more or less constant. In this regime, the gel stiffness is quickly increasing, and
additional stresses require small deformations and subsequently small changes in the network
architecture. In absolute numbers, the pore size of the low LC PIC decreases most, as this soft gel
is most susceptible towards deformations. Along the same line, we see that the bundle diameter in
this sample shows the strongest increase (Fig. 4d). At low stresses, we cannot reliably quantify the
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ore size in the samples, since the scattering angles are too small. Fitting the experimental data with
ξ > 80 nm does not significantly change values of the other fitting parameters. In order to obtain
data in this regime, one needs a sample-detector distance of 12–15 meters, which is well beyond
the experimental sample environment available at the DUBBLE beamline. As the critical stress
depends on the contour length as well, one does clearly see that the jump in ξ takes place at
different stresses for any gel.
Mechanism of stress-stiffening. From the fitting results, we propose a mechanism to explain the
changes in the network structure under stress. Upon network deformation, the polymer bundles
approximate. It is reasonable to expect that in some regions the bundles become so close to each
other that they scatter as a single (much) thicker bundle. In this way, the average bundle radius
increases with stress. At the same time, when the bundles become closer but remain distant, RB
remains constant, but  decreases. We note, however, that shear deformation is volume conserving,
and that the formation of smaller pores concomitantly requires the formation of larger pores.30
These larger pores, however are outside the detectable length scale and cannot be observed with
the current conditions. Once the nonlinear regime is reached, the network is stiff, and further
stresses cause very small changes in the network structure.
Entropic vs Enthalpic Deformations. The strain-stiffening response of semiflexible networks is
well described with two theoretical models of deformations. In summary, the enthalpic model is
used to describe the deformations in a (dense) network with stiff filaments, while the entropic
model captures deformations in low-density networks of less stiff filaments.
On a larger (micron) length scale, PIC hydrogels are fibrous structure, in which the fibers
are composed of several polymer bundles.31 In our RheoSAXS analyses, we assess how the shear
stress influences the network structure within the fibers, i.e., at the nanometer length scale of the
bundles. Most of the structural changes take place at the low stress range, in the linear mechanical
regime (Fig. 4). The results are in line with an entropic deformation model, which describes
changes in the network architecture at low stresses. As the network is stressed, thermal undulations
are stretched out32 and the bundles are brought together, while the distance between bundles within
a fiber – the pore size – decreases (Fig.4c,d). Moreover, the entropic model fits well with the
relative soft nature of PIC network, that is characterized by a persistence length of the bundles
(~400 nm) that is of the same order of magnitude as that of biopolymer gels that also show entropic
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elasticity.33 Interestingly, our results are in contrast to small-angle neutron scattering (SANS)
results of coarse fibrin networks,32 in which most of the structural changes are found in the
(second) nonlinear mechanical regime (at high stresses). These SANS experiments, however, give
information at larger length scales than ours, which illustrates that it would be of great interest to
carry out experiments that capture changes in network architecture over the full length scale space
(1 nm–10 μm).
Deformations that follow the entropic model are more likely to occur for short polymer
chains that form less stiff bundles.6,7 Experimentally, we observe that the increase in scattering
intensity ΔI at q = 0.1 nm−1 as a result of stress is more pronounced for low LC polymer gels,
analogous to the change in the pore size  and the bundle radius RB (Fig. 4). The stronger
experimental signals and the more abrupt changes in the network structure support the idea that
our scattering pattern captures the entropic deformations in PIC networks.
Finally, the enthalpic model of strain-stiffening describes non-affine transition from
bending modes to stretching modes, accompanied with alignment of fibers. Considering that PIC
gels are composed of an irregular, heterogeneous structure of fibers and bundles, we believe that
PIC networks favor non-affine deformations, and possible bending of the filaments cannot be fully
neglected.10,18,19 The azimuthal integration of the 2D SAXS data, however, does not show any sign
of orientation, indicating that the PIC network under stress does not align, at least not in the studied
stress range or at the analyzed length scale. As a result, we conclude that the contributions of
enthalpic modes to possible non-affine deformations are either very small or inexistent.

5.3 CONCLUSIONS
RheoSAXS setup is a powerful technique to simultaneously characterize changes in the
architecture and the mechanical properties under increasing stress. For our biomimetic PIC
hydrogels, the changes in the scattering curves with stresses showed that most of the network
deformations occurs in the linear mechanical regime. In the nonlinear mechanical regime, the
scattering curves nearly overlap, as the network is stiff enough to prevent any further structural
change. Quantitative analyses of curves with a composite fit model indicate that the pore size
decreases with stress, while the bundle radius increases. The changes in the structure with the
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mechanical load are related to the removal of thermal undulations upon stress, following the
entropic model of deformations. The fact that large structural changes already take place at low
stresses is particularly important for biological applications, as cells typically will apply moderate
stresses to their direct environment. Our work indicates that application of their contractile stresses
will directly result in network deformations at the micron length scale. As the biomimetic and
biocompatible PIC is synthetic, we are able to tailor the polymer contour length LC and with that
the extent of network deformation as a result of external or internal stresses, which provides an
additional opportunity to further influence cell behavior in synthetic biomimetic hydrogels.

5.4 METHODS
Polymer and sample preparation. PIC polymers were synthesize as reported elsewhere.34
Polymers with different contour length L = 77, 110 and 134 nm were synthesized by tuning the
catalyst:monomer ratio to 1:250, 1:500 and 1:1000, respectively, and further characterized by
viscometry measurements, to obtain Mv = 195, 277 and 339 kg mol−1, respectively. The polymer
solutions were prepared by immersing the dry polymers in ultrapure water (MilliQ, 18.2 MΩ·cm)
at c = 5 mg mL −1 at T = 5 °C for at least 12 hours. After rigorous shaking, a yellowish polymer
solution was obtained.
SAXS. SAXS measurements were performed at the BM26B station at the European Synchrotron
Radiation Facility (ESRF) in Grenoble (France), particularly suited for polymers and soft matter.
The samples were placed into a polycarbonate Couette, as described in the results and discussion
section. The Couette is surrounded by a conduction oven attached to the Peltier plate in order to
keep the temperature constant at T = 50 °C. X-ray radiation ( = 0.1 nm) irradiated at the sample
area of 1.3 x 0.3 mm (h  w). SAXS images were recorded on a noiseless, highly sensitive solidstate Pilatus 1M detector (172  172 μm). The sample was placed at 3.5 m from the detector for
all measurements. Calibrations were performed using the position of diffraction peaks of silver
behenate standard powder. SAXS images were normalized by the primary beam intensity
fluctuation and the scattering from the background was scaled for the sample transmission prior to
perform the background subtraction. Background subtracted images have been radially integrated
around the beam center using a python suite in order to obtain the I(q) vs q profiles, where
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q=4π/sinθ. Absolute intensities were obtained using the secondary standard method with pure
water.
Fitting of the SAXS curves was achieved using the SASfit software. The scattering curves
were fitted to a composite Kholodenko worm-like chain model (KW) and the empirical correlation
length model:

𝐼(𝑞) = 𝐼𝑏𝑢𝑛𝑑𝑙𝑒𝑠 (𝑞) + 𝐼𝑛𝑒𝑡𝑤𝑜𝑟𝑘 (𝑞) = 𝑁(∆𝜌)2 𝜑𝑃0 (𝑞, 𝐿C , 2𝑙𝑝 )𝑃𝐶𝑆 (𝑞, 𝑅B ) +

𝐼0
1 + 𝑞𝜉 𝑝

where N is the contribution of the KW model, Δρ = ρpolymer – ρwater is the electron density difference
between the polymer chain (PIC) and the solution, φ is the polymer volume fraction, P0 is the form
factor, LC is the bundle contour length, lp is the bundle persistence length (half of the Kuhn length),
PCS is the cross-section form factor for flexible cylinders, RB is the cross-sectional radius of the
polymer chain. In the correlation length model, I0 is the forward-scattering intensity, ξ is the
characteristic length scale of the inhomogeneities and Porod exponent p is associated to the
network packing density. Note that since the contour length L of the bundles is larger than the
SAXS resolution, we kept LC fixed at >200 nm. In order to reduce free parameters, we kept lp,B =
400 nm and p = 2.25 constant for all samples.26
Rheology. The mechanical properties were analysed on a stress-controlled rheometer (Discovery
HR-2, TA Instruments) using a home-made polycarbonate cylinder geometry with an internal
diameter of 20 mm. The sample in the liquid phase (2 mL, T = 10 °C) was loaded into the
polycarbonate couvette with internal diameter of 21 mm. The couvette was surrounded by a small
conduction oven coupled to the Peltier to control the temperature. After loading the cylinder
geometry, the temperature was rised to T = 50 °C and the gel was equilibrated for at least 15
minutes before starting the measurements. The nonlinear mechanical properties were evaluated by
applying a steady shear stress (σ = 1 – 1000 Pa) superposed with an oscillatory stress (σosc < 0.1 σ)
at frequency of 1 Hz. The oscillatory strain response osc is used to derive the differential modulus
K′ = σosc/osc, defined as the stiffness of the gel in the linear and nonlinear regime. The steady stress
was applied over 5 minutes, in which the sample was simultaneously irradiated with X-rays for 4
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minutes. In the end of that, the sample was allowed to relax and recover for 3 minutes. This cycle
was repeated for all increasing stresses. The samples were covered with a thin layer of silicon oil
to prevent dryness during the experiments.
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5.6 SUPPLEMENTARY MATERIAL

Supplementary Fig. 1. Comparison of scattering curve of RheoSAXS setup and the conventional capillary setup.
The nearly identical curves confirm that a small oscillatory strain does not affect the scattering profile, so the scattering
data are reliable.

98

Unveiling the Link between Stress-Stiffening and the Nanostructure of Semiflexible Hydrogels

a

Experimental data
Correlation length model
Kholodenko WLC model
Combined fit

10-2

10-3

I q2

I q2

10-2

10-4

10-5

b

10-3

10-4

σ = 0 Pa

σ = 60 Pa

10-5

10-1

-1

100

10-1

-1

q (nm )

q (nm )

100

Supplementary Fig. 2. Kratky analysis of the scattering curves of PIC hydrogel composed with LC = 110 nm in the
(a) linear and (b) nonlinear mechanical regime. The individual contribution of each model is shown.
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Supplementary Table 1. Fitting parameters of the PIC hydrogel composed with polymer contour length of 77 nm as
a function of stress σ.
σ (Pa)
0
1
2
3
5
7
11
16
22
30
40
60
80
100
150
200

Na
9.5
22.0
28.9
36.0
43.5
45.1
49.6
59.0
60.1
66.3
72.9
71.0
69.1
64.0
52.9
38.0

RB (nm)b I0 (cm−1)c
5.1
4.8
7.3
45.4
8.0
55.7
8.2
34.9
8.5
29.8
8.7
24.8
9.0
20.5
9.2
20.5
9.4
20.5
9.5
18.6
9.8
20.5
9.9
19.0
9.8
18.8
9.6
18.1
9.6
18.1
9.4
12.4

 (nm)d
80
90
96
80
73
60
57
55
54
53
53
51
50
50
50
50

a)

N = contribution of the Kholodenko work-like chain model;
RB = bundle radius; c) I0 = forward-scattering intensity of the correlation length model;
d)
 = the characteristic length scale of the inhomogeneities (or the pore size).
b)

Supplementary Table 2. Fitting parameters of the PIC hydrogel composed with polymer contour length of 110 nm.
σ (Pa)

Na

RB (nm)b

I0
(cm−1)c
3.8
17.4
21.0
21.8
21.8
20.5
18.6
12.6
12.6
12.3
10.1
11.2
11.2
11.2
13.2
13.8
9.4
9.4
9.4
8.5

 (nm)d

0
9.7
5.1
80
1
11.8
5.5
80
2
14.3
5.7
80
3
17.3
6.0
80
5
19
6.1
80
7
19.8
6.2
73
11
23.2
6.4
70
16
23.2
6.4
61
22
25.5
6.7
57
30
33.9
6.8
53
40
28.1
7.0
54
60
29.2
7.1
53
80
29.0
7.2
54
100
29.0
7.1
53
150
25.4
7.0
54
200
26.0
7.3
54
300
28.6
7.4
52
500
25.9
7.5
52
700
25.2
7.5
52
1000
20.1
7.4
52
a)
N = contribution of the Kholodenko work-like chain model;
b)
RB = bundle radius; c) I0 = forward-scattering intensity of the correlation length model;
d)
 = the characteristic length scale of the inhomogeneities (or the pore size).
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Supplementary Table 3. Fitting parameters of the PIC hydrogel composed with polymer contour length of 134 nm.
σ (Pa)

Na

RB (nm)b

I0
(cm−1)c
22.3
24.2
20.0
24.7
24.7
29.8
29.8
30.0
30.0
23.7
19.6
19.9
18.1
14.4
11.9
9.8
10.8
6.7
6.7
6.7

 (nm)d

0
6.2
4.2
80
1
9.0
4.4
80
2
12.7
4.6
80
3
14.0
4.8
80
5
14.0
5.0
80
7
14.1
5.2
80
11
14.5
5.5
80
16
15.5
5.6
80
22
16.5
5.8
80
30
16.0
5.9
78
40
16.0
6.0
78
60
14.3
6.2
72
80
13.1
6.3
70
100
14.0
6.4
65
150
12.7
6.4
64
200
12.1
6.4
64
300
10.0
6.6
63
500
5.6
6.3
61
700
3.5
6.1
61
1000
2.4
5.4
62
a)
N = contribution of the Kholodenko work-like chain model;
b)
RB = bundle radius; c) I0 = forward-scattering intensity of the correlation length model;
d)
 = the characteristic length scale of the inhomogeneities (or the pore size).
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Chapter 6

Controlling the Stress Relaxation in Biomimetic Synthetic
Hydrogels

ABSTRACT
The viscoelastic properties of hydrogels include (non)linear elasticity as well as a viscous or
relaxation term. Recently, this viscous term of artificial extracellular matrices has emerged as an
important parameter to control cell behavior. While the elasticity of most of synthetic hydrogels is
easily tunable, strategies to control the viscoelastic properties, including the stress relaxation, are
still developing. In this chapter, we describe chemical approaches to tune the stress relaxation of a
synthetic and biomimetic polyisocyanide (PIC)-based hydrogel, while conserving the mechanical
properties and the porous architecture. We propose a model that links relaxation processes at
different time and length scale to the (non)linear mechanical properties of the hydrogels. A threeterm Maxwell model allows us to quantify their contribution and relate them to the molecular
design of the gel. The tunable stress relaxation at physiologically relevant strains, combined with
the three-dimensional fibrous architecture, makes PIC gels uniquely suited to study the role
relaxation effects in biomedical applications.

Chapter 6
6.1 INTRODUCTION
Hydrogels are three-dimensional polymeric networks. They present remarkable similarities to
some aspects of the extracellular matrix (ECM) of cells: a high water content, (soft) mechanical
properties and, after functionalization, the presence of biofunctional groups.1-3 The mechanical
properties, which include the elastic modulus and stress-stiffening processes, are widely
acknowledged to be a key factor in several cellular responses, including migration, growth and
differentiation.4-6 Whilst the effects of the (non)linear elasticity have been explored in detail over
the past decade, only recently the role of stress relaxation has gained attention as an important
factor to provide mechanical cues to cells.7-15 In a biological context, stress relaxation is interpreted
as a decay in the stiffness over time, in such a way that the cells sense a softer matrix despite of
the global stiffness.
Traditional, crosslinked synthetic hydrogels are mostly elastic and show very slow
relaxation. As the interest towards hydrogels with tunable viscoelastic properties increases, new
design strategies emerge to develop stress relaxing materials. These strategies include the use of
physical and chemical crosslinkers,10,14 a variation in fiber densities16 or molecular weights of the
network forming polymers,8,10 the introduction of steric spacers,8,11,17 or surfactants,18 or the use
of interpenetrating networks.10,19,20 Some of the strategies and materials presented, however are
not compatible with physiological conditions, or the design implies in a large change in the
architecture through the use of crosslinkers, which in itself will strongly influence the cell
response.
As an alternative approach, we present a simple methodology to regulate the stress
relaxation of a synthetic and biomimetic hydrogel.21 By modulating the polymer contour length
and adding selective intrabundle crosslinkers, we are able to tune the stress relaxation at
biologically relevant strains, while maintaining the original architecture. The relaxation process at
these strains is mostly associated with individual polymer sliding. At higher strains, relaxation
processes at the fiber length scale dominate. Our proposed model of stress relaxation is quantified
by a Maxwell model that quantifies the contribution of these different relaxation modes in the
network. Our approach that fully conserves the porous architecture and the (non)linear mechanical
properties, but control stress relaxation at physiological strains offers many opportunities for

104

Controlling the Stress Relaxation in Biomimetic Synthetic Hydrogels
biological and cell culture applications, and may inspire materials scientists for the design of new
biomimetic soft matter.
6.2 RESULTS
Materials. Our synthetic hydrogel is composed of a polyisocyanide (PIC) linear polymer that
forms a soft gel in water.21 The tri(ethylene glycol) groups that are present in each repeating unit
of PIC introduces water solubility and temperature responsiveness.22 As the temperature of an
aqueous PIC solution is raised above the gelation point, the gelation occurs through the assembly
of polymers into bundles,23 followed by the aggregation of bundles into fibers, resulting in a highly
heterogeneous network24 (Fig.1). Because PIC is a synthetic material, it is possible to chemically
manipulate it at molecular level. For instance, one can conjugate biofunctional groups to allow cell
attachment and biological applications,25-28 add intrafiber crosslinkers to create a permanent
network29,30 and tailor the polymer contour length LC to tune the mechanical properties for similar
concentration gels. In addition, deformation of PIC hydrogels gives rise to a strong strain-stiffening
response, where the gel can become hundredfold stiffer.31 The nonlinear increase in stiffness with
strain is shared with other semi-flexible biopolymer networks,4,32,33 where it is thought to play an
important role in long-range cellular communication, tissue protection and stem cells
differentiation.4,28
LC
P1, n = 1260
P2, n = 880
P3, n = 620

P4, n ~ 620
x ~ 20
=

Fig. 1. Schematic representation of the hierarchical organisation of PIC-based hydrogels. The network is composed
of a fibrous structure of associated (semi-flexible) bundles, which in turn are formed from the thermally induced
association of individual polymers. The chemical structure of PIC is shown (right).

Stress relaxation. The stress relaxation properties of PIC hydrogels were tested using a stresscontrolled rheometer (TA Discovery HR-2). In a stress relaxation experiment, a steady strain  is
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applied to the gel, and the stress response σ(t), proportional to the shear modulus (G = σ/) is
measured over time. First, a cold polymer solution was loaded in the rheometer at T = 5 °C and
allowed to equilibrate at T = 50 °C for at least 50 min.34 When the gel is formed, silicon oil was
placed around the edges of the hydrogel to prevent water evaporation. After equilibration, the
relaxation experiments were started by applying a steady strain ( = 0.05–0.40) and subsequently
measuring the stress relaxation over time t for 500 s.
The stress relaxation curves of PIC hydrogels as a function of increasing strain are shown
in Fig.2a. The measured stress σ, as expected, increases with the applied strain. A stress plateau at
t  500 s, however is not observed, suggesting that the full relaxation of PIC gels occurs at longer
time scales. Note that stress relaxation cannot be attributed to poroelasticity, since shear rheology
tests are volume-conserving. To be able to compare the relaxation curves recorded at different
strains, we normalize the stress relaxation to the stress after the strain is applied σt=0. The
normalized curves (Fig. 2b) reveal that the gel relaxes faster at high strains. We stress that the
different profiles cannot be attributed to the different strain rates used in the experiments,35 as
control experiments overlap (Supplementary Fig. 1). Rather, the profiles follow the strainenhanced stress relaxation behavior that was reported earlier for biopolymer gels.36

Such

mechanism is associated with force-dependent unbinding of weak links in the network, and with
dissipation of stress in the nonlinear mechanical regime.36
Tuning the scope of relaxation. One of the most remarkable features of PIC hydrogels is that the
mechanical properties can be tuned with the readily modifiable polymer contour length LC.
Hydrogels of longer polymers are stiffer (G′ ~ LC2) and have slightly thicker bundles (and
consequently, larger pores). Here, we prepared hydrogels composed of polymers with different LC
and analysed the influence of the polymer chain length on the stress relaxation (P1-P3, Table 1).
All the hydrogels display strain-enhanced stress relaxation, independent of LC (Supplementary Fig.
2). For a better visualization, we plot the isochronal normalized stress at t = 300 s as a function of
the applied strain  (Fig. 2c). At low strains, the normalized stresses at t = 300 s indicates that the
rate of stress relaxation varies with LC; the stress relaxation is faster for small LC. As the strain
increases, the normalized stresses overlap and all the hydrogels relax at similar rate, independent
of LC. From the isochronal graph we easily observe that the rate of stress relaxation depends on LC
at low strains and is independent of LC at high strains. The results suggest that two molecular
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mechanisms are involved in the stress relaxation, and that they are linked to both strain and LC.
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Fig. 2. a) Stress relaxation of PIC hydrogels (P1, 1 mg mL−1) as a function of shear strain . The initial stress σ
increases with strain . b) Normalization of the stress reveals that the stress relaxation is a function of the applied
strain, a phenomenon known as strain-enhanced stress relaxation. Strain history has a minor effect on the normalized
stress relaxation (Supplementary Fig. 4). c) Isochronal representation of the normalized stress at t = 300 s of P1–P3
(see Table 1). d) Normalized stress of PIC hydrogels with the same storage modulus, prepared with different polymers
and concentrations (P1, 1.0 mg mL−1 and P3, 2.5 mg mL−1). The results indicate that the stress relaxation is a function
of the polymer contour length. All the results are the averages of two independent measurements, while the range of
strains was applied onto the same gel. e) Stress-strain curves from stress growth experiments and (f) the first derivative
dσ/dγ of P1–P3 (1 mg mL−1) to characterize the (non)linear mechanical properties.
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The standard approach to tune the mechanical properties of PIC or any other hydrogel is to
change the polymer concentration. Indeed, the elastic modulus of PIC hydrogels follows the
concentration dependence of semi-flexible networks: G′ ~ c2.2. One could argue that the different
stress relaxation profiles, recorded for P1–P3, are a direct consequence of their different storage
moduli G′ (Table 1). To test this hypothesis, we analysed gels of P1 (constant LC) at different
concentrations c = 1–3 mg mL−1 (G′ = 38–423 Pa) at strains γ = 0.1, 0.2 and 0.4. At every strain,
the normalized stress relaxation curves of these gels are very close (Supplementary Fig. 3),
suggesting that the stiffness does not control the stress relaxation. In a second test, we compared
the stress relaxation of two hydrogels with similar storage modulus G′, but with different LC and
concentration (P3 at 2.5 mg mL−1; and P1 at 1.0 mg mL−1). Even though G′ of both gels is very
close, the stress relaxation is very different and shows a clear dependency on LC: gels composed
with short polymers relax faster at low strains, while the stress relaxation is independent of LC at
large strains (Fig.2d, Supplementary Fig.5). These results confirm that the mechanism of
relaxation is related to the polymer contour length, and not to the stiffness of the gel.

Table 1. Polymer contour length (LC), molecular weight (MV), storage modulus (G′)
and loss modulus (G″) of the PIC hydrogels used in this chapter.

LC (nm)

MV (kg mol−1)

G′ (Pa)*

G″ (Pa)*

P1

154

400

230

10

P2

110

277

72

5

P3

77

195

37

3

P4

~77**

-

30

3

* Determined at T = 50 °C, γ = 0.04, frequency ω = 1 Hz
** Estimated from G′

The dependence of the stress relaxation time scale on the shear strain corresponds to the
stress-stiffening behavior of PIC hydrogels. The stress-stiffening response is characterized by a
linear mechanical regime, where the stiffness of the gel is independent of the shear stress (strain),
followed by a non-linear regime where the modulus rapidly increases. The onset stress of the nonlinear regime is called critical stress σc. Although we commonly characterize the stress-stiffening
properties using a pre-stress protocol, we here assess it as a function of a growing strain. In this
experiment, a shear strain (rate = 8.510−5 rad s−1) was applied for 180 s and the stress response
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was measured (Fig. 2e). From the first derivative of the stress-strain curves, we extract the
(non)linear regime and the critical strain. (Fig. 2f). Remarkably, the regimes of strain-dependence
stress relaxation and the linear mechanical response coincide in the PIC gels.
Mechanism of stress relaxation. From this point, it is clear that the underlying mechanism that
give rise to (strain-enhanced) stress relaxation in PICs are related to at least two phenomena: one
that is universal (for all samples) and dominates at high strains/in the non-linear mechanical
regime, and one that is governed by LC and plays a leading role at low strains/in the linear
mechanical regime. To quantify the molecular mechanism of stress relaxation at different time and
stress scales, we use a generalized Maxwell model that can describe the viscoelastic behavior of
soft matter.37-39 Our Maxwell model (Equation 1) is composed of three elements connected in
parallel, each of them composed of an elastic spring and a viscous dashpot in series. Each Maxwell
element captures a relaxation occurring at time scale  that is associated to a specific structural
level (fibers, bundles or polymers).39 The contribution of each element is given by an amplitude
A. For instance, element 1 with amplitude A1 is associated to the relaxation of the fibers at lowest
time scale (1 < 1s). The second element (amplitude A2) accounts for the relaxation and/or sliding
of the bundles within the fibers with 2  1 – 100 s. The last element (amplitude A3) corresponds
to the much slower polymer sliding in the bundles (3 >100 s). For a better of comparison, each of
the relaxation times 1–3 were fixed within a series, and we focus on the associated amplitudes
which gives us the chance of one of these relaxation modes in under the desired conditions. The
fitting parameters are summarized in Supplementary Table 1. Note that the Maxwell model
assumes that a fully relaxed state is reached at the end of the experiment, which is not the case for
PIC gels. Despite this limitation, the model is still able to interpret physical phenomena happening
at relative short time-scales.39
𝜎(𝑡)⁄𝜎0 = 𝐴1 𝑒

𝑡
−
𝜏1

+ 𝐴2 𝑒

𝑡
−
𝜏2

+ 𝐴3 𝑒

𝑡
−
𝜏3

+𝑐

Eq. 1

From fitting the stress relaxation curves of the gel P1 to the Maxwell model (Fig.3a), we
extract the associated amplitudes A1–3 and plot them as a function of applied strain  (Fig.3b). At
low strain ( = 0.10), the contribution of polymer sliding A3 is much higher than the contribution
of fiber sliding A1 (A3 = 0.19; A1 = 0.06). As the strain increases to  = 0.40, the amplitude A3 does
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not change, indicating that the contribution of polymer sliding is independent of strain. In contrast,
the amplitude of fiber relaxation A1 increases to 0.21 with , suggesting that the contribution of
fiber relaxation becomes much more relevant. The term A2 also increases with strain, meaning that
the bundles in the fibers relax more when further deformed.
The fitting results suggest a mechanism of stress relaxation dominated by individual polymer
sliding at low strains and in the linear regime. As the polymer contour length LC increases, a larger
polymer-polymer contact area leads to a higher friction and to a higher energy penalty to slide the
polymers, resulting in a reduction of this term and, subsequently, a slower relaxation. At high
strains and in the non-linear regime, the relaxation associated to fiber sliding dominates polymer
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Fig. 3.a) Normalized stress relaxation data and Maxwell fits (green lines) at different strains  for the hydrogel P1. b)
Associated amplitudes from fitting P1. The amplitude A1 is associated to relaxation at fiber scale; the amplitude A2 is
related to bundle sliding; while the last amplitude A3 is associated to polymer sliding. c-e) Associated amplitudes obtained
from fitting the normalized stress relaxation curves of the hydrogels P1, P2 and P3.
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sliding. Considering that the length scale of the fibers is much larger than individual polymers, it
is reasonable that the relaxation through fibers is independent of LC. In the non-linear mechanical
regime, the fibers are stretched and are more likely to slide.
Next, we quantitatively address the stress relaxation of PIC gels with different polymer
contour length LC using the Maxwell model (Supplementary Fig. 6, Supplementary Tables 1-2).
The resulting amplitudes are plotted as a function of strain (Fig. 3c-e). The amplitude related to
polymer sliding (A3) shows a small dependence with LC, in agreement to the mechanism of stress
relaxation linked to the interfacial energy. In parallel, the amplitude related to fiber sliding (A1)
decreases with the polymer contour length (at low strains), suggesting that LC also changes the
stability of the fibers. As the strain increases, the amplitude A1 is similar to all the hydrogels. As
such, LC has little influence on the mechanism of stress relaxation occurring at the length scales of
fibers, while it is crucial to mechanisms of relaxation at polymer scale (low strains).
Tuning the stress relaxation with intrabundle crosslinkers. The stress relaxation of PIC
hydrogels is linked to the molecular structure and we can use earlier developed strategies29 to tune
the relaxation properties, but this time without changing the stiffness or architecture of the gel. As
discussed before, PIC hydrogels form a network through the thermal assembly of polymers into
bundles. Using PIC decorated with azide-functional groups (P4, 3.3 mol-% azide monomer:inert
monomer) and a di-functional cyclooctynes (DBCO)-based linker, one can crosslink the gel
through the strain-promoted azide alkyne cycloaddition reaction. Note that the crosslinking
junctions are created selectively within the bundles, i.e., at polymer-polymer level.29 In this way,
the covalently fixed bundles are most likely to hamper the relaxation mechanism of polymer
sliding. Overall, the covalently crosslinked PIC hydrogels display a reduced degree of stress
relaxation (Fig. 4a,  = 0.40), but the strain-enhanced stress relaxation behavior is still conserved
(Supplementary Fig. 7). Varying the crosslink density gives different stress-relaxation profiles;
hydrogels with higher crosslink density relax less. The trend of supressed stress relaxation with
crosslink density is observed at any applied strain, as becomes clear from the isochronal plot (Fig.
4b). These results are relevant for biological applications, since selective crosslinking allows us to
generate gels with virtually identical mechanical properties and architectures, but with different
relaxation times that cells can monitor after applying a contractile stress. Moreover, PIC hydrogels
with intrabundle crosslink preserve the porous architecture,29 essential to cell migration and
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transport of nutrients. For a straightforward comparison between different samples, we use the
time for the initial stress to reach half of its value (1/2) and plot it as a function of degree of
crosslinking DC (Fig. 4c). The plot really shows how the presence of crosslinking that are expected
to be homogeneously distributed over the network hampers stress-relaxation. At low DC, it is
reasonable to imagine that ‘free’ and covalently crosslinked polymers coexist. The free polymers
that relax must faster dominate the global stress-relaxation. As DC increases, the fraction of free
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Fig. 4. Controlling the stress relaxation of PIC hydrogels with chemical intrabundle crosslinkers. a)
Normalized stress relaxation curves of PIC hydrogels P4 with degree of crosslinking varying from 0 to 100 %
(equivalent to azide:DBCO molar ratio). Applied strain  = 0.40. b) Isochronal normalized stress at t = 300 s as a
function of applied strains for the hydrogels with different degree of crosslinking. c) Calculated time for the initial
stress to reach half of its value (1/2) as a function of degree of crosslinking. As a guide for the eye, a power-law
curve 1/2 ~ 𝐷𝑐𝑚 is fitted through the data with m = 6.1, 6.0 and 4.1 for  = 0.20, 0.30 and 0.40, respectively. d)
Amplitude A3 obtained from fitting the stress relaxation curves to the Maxwell model. Crosslinking effectively
supresses the stress relaxation through polymer sliding.
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polymers becomes smaller, resulting in an increased relaxation time 1/2 (slower stress-relaxation).
When virtually all polymers are interconnected (DC  100 %), we observe a jump in 1/2.
Finally, we fit the stress relaxation curves of the crosslinked hydrogels to the Maxwell
model to understand the effect of crosslinking in the mechanism of relaxation. All the fitting curves
and fitting parameters are shown in Supplementary Fig. 7 and Supplementary Tables 2-4. We
anticipate the largest effect of crosslinking in the slow polymer-polymer relaxation (term with
amplitude A3). Indeed, at any applied strain, A3 decreases with the degree of crosslinking (Fig. 4a),
meaning that polymer sliding is effectively supressed. At the same time, the amplitudes A1 and A2
also reduce with crosslinking, meaning that the changes at polymer level influence the network
structure at both polymer and fiber level.
Discussion and outlook. Earlier, we claimed that PIC hydrogels are strongly biomimetic,21,23 but
that that time, we merely focused on the (non)linear elastic properties of the hydrogel. In this work,
we demonstrate that also the viscous properties of PIC gels show large resemblances to gels of
structural biopolymers. Stress relaxation of PIC hydrogels is directly related to the hierarchical
structure of the network. Relaxation modes that occur at the fiber scale are dominant at high strains
and in the nonlinear regime, while relaxation processes from inter and intrabundle sliding
contribute mostly to the overall relaxation at low strains in the linear regime. At physiological
strains (  0.20), the stress relaxation of PIC hydrogels is tuned by changing the polymer contour
length LC and the degree of crosslinking at polymer level. The PIC crosslinking approaches are
straightforward, simple and do not require any chemical reaction steps to modify the networkforming polymers with sterically demanding spacers, for instance. Furthermore, the crosslink
junctions at polymer level conserves the fibrous and porous architecture of PIC hydrogels, as well
as the linear and (non)linear mechanical properties.29
From the perspective of using PIC hydrogels as a platform for cell culture with tunable
stress relaxation, one should consider the timescales and strains that cells are able to apply to their
surroundings. Typically, cells encapsulated in a 3D matrix apply strains of γ ~ 0.2–0.3.40 The
timescale of traction forces varies from 1 s to 10 min,41,42 and the forces related to cell spreading
take minutes to hours.43 At these strains, we can selectively tune the stress relaxation profiles of
PIC hydrogels by changing the polymer contour length, and keep the storage modulus constant,
allowing us to specifically zoom into relaxation-driven processes. In terms of the timescales of
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relaxation, we estimate the time for the initial stress to reach half of its value (1/2) at γ = 0.2 equals
3h, 40 min and 420 s for the hydrogels P1, P2 and P3, respectively. Tuning the concentration,
however, also changes the size of the pores in the gel. With the intrabundle crosslinking approach,
we can tune the stress relaxation with a bonus of keeping the stiffness constant at the same polymer
concentration. In this case, 1/2 at γ = 0.2 varies between 300 s to 40 min, for the samples with
degree of crosslinking from 0–100 %. These timescales span those associated to cell functions,41,42
which underlines the positive prospects for future applications of PIC hydrogels as a matrix with
tunable stress relaxation for cell culture.
The timescale of relaxation of our PIC is within the optimal range of relaxation when
compared to other systems. Alginate hydrogels with tunable stress relaxation possess 1/2 ~ 1 min–
1 hour at strains of 0.15 and initial elastic modulus ~8 kPa.8 Fibroblast encapsulated in these gels
showed very distinct spreading and proliferation when 1/2 was varied between 170 s and 2300 s.
Moreover, the osteogenic differentiation of human mesenchymal stem cell (hMSCs) is triggered
by changing the stress relaxation, with remarkable difference in the gels with 1/2 = 300 s and 2300
s. In an interpenetrating network (IPN) gel composed of collagen and alginate, 1/2 varied from
519 s to >10000 s. On these materials, the cell-spreading area, aspect ratio and proliferation of
mouse myoblast cells (C2C12) significantly differed according to the relaxation time.14 The
similarities in the timescale of relaxation with PIC gels strongly support our possible biological
applications, although the alginate gels and the IPN are much stiffer than PIC gels. In contrast,
PIC hydrogels show similarities to an IPN of hyaluronic acid and collagen in terms of both stress
relaxation and stiffness.10 The stiffness of the IPNs is in a soft regime of ~60 to ~450 Pa, while
they present a tunable 1/2 from 560 s to 13800 s with 0.10 strain. Varying the stress relaxation of
these IPN gels resulted in a very distinct spreading of hMSCs, characterized by cell spreading in a
fast relaxing gel and roundness in a slow relaxing gel.
In summary, the proposed strategy to tune the stress relaxation of PIC hydrogels is very
simple and can be promptly used to target biological applications, since the underlying 1/2 matches
relevant studies found in literature. By changing the polymer length and degree of intrabundle
crosslinking, we are able to tune 1/2 at physiological relevant strains. The tunable stress relaxation
will permit new biological applications to our synthetic PIC hydrogels and introduce a new
methodology to designing hydrogels with truly biomimetic viscoelastic properties.
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6.3 CONCLUSION
Cells feel and respond to the viscoelastic mechanical properties of the matrix. The stress relaxation
of our biomimetic hydrogel is governed by two modes, both of them dominate in a different strain
regime. At low strains, in the linear mechanical regime, the hydrogel relaxes through a mechanism
of polymer sliding with long time scales. At high strains, in the nonlinear mechanical regime, the
contribution of fiber sliding at short time scales becomes relevant and the average relaxation time
is faster. To support our mechanism, we used a Maxwell model to fit the stress relaxation curves
and to compare the contribution of the fitting amplitudes.
The stress relaxation of our biomimetic hydrogel is tailored by the degree of intrabundle
crosslinking and the polymer contour length, a parameter that is readily accessible to synthetic
materials, but is much more challenging to control is biological gels. Both approaches are
straightforward, preserve the porous architecture of the gel and are able to tailor the time-scale of
relaxation to biologically relevant values, while keeping the (non)linear mechanical properties.
PIC hydrogels with tunable stress relaxation will be suitable 3D matrix to evaluate the link between
relaxation and cellular behavior.

6.4 METHODS
Polyisocyanides were synthesized as reported elsewhere.21 The average viscosity molecular
weight Mv of the polymers was determined from viscometry experiments, and used to estimate the
polymer contour length LC.21
Sample preparation. PIC pellets were immersed into the appropriate amount of ultrapure water
(MilliQ) and allowed to dissolve at 5 °C overnight. The polymer solutions were prepared at 1 mg
mL−1, unless mentioned otherwise. For the crosslinking reaction, we used PIC functionalized with
azide groups (3.3 mol-%) and the home-made crosslinker based on difunctional cyclooctynes
(DBCO) with polyethyleneglycol spacer (DBCO-PEG14-26-DBCO), following the protocol
reported before.29
Rheology. The mechanical characterization was carried out with a stress-controlled rheometer
(Discovery HR-2, TA Instruments) in a stainless steel sand-blasted parallel geometry, with
diameter of 40 mm and gap size of 500 μm. The temperature is controlled using a Peltier plate.
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Cold samples were loaded in the rheometer at T = 5 °C, followed by an equilibration time at T =
50 °C for at least 50 min prior to measurement. Silicon oil was pipetted around the edges of the
samples to prevent dehydration. The storage and loss moduli (G′ and G′′) were measured over the
equilibration time with a small oscillatory strain ( = 0.04) at constant frequency (ω = 1 Hz). Next,
the stress relaxation or creep started and the mechanical response was measured over time t = 500
s.
For the stress relaxation tests, a shear strain in the range of  = 0.05 – 0.40 was applied with
a rise time of 0.5 s, while the stress response was measured over time. A single gel sample was
analysed under different and increasing strains, while the gel was allowed to recover for 500 s after
each measurement ( = 0). The results of stress relaxation are very similar to the results of a freshly
prepared gel prior of each of the strains (Supplementary Fig. 4). The analyses were performed in
duplicates with two independent samples. For each time point, the stress is averaged to the 10
closest points in order to minimize noise.
A stress-growth protocol was used to characterize the stress-strain relation of the hydrogels.
After the equilibration time, a shear strain at constant velocity = 8.510−5 rad s−1 was applied over
180 s and the stress response was measured.
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6.6 SUPPLEMENTARY MATERIAL
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Supplementary Fig. 1. Stress relaxation at strain  = 0.20 measured for PIC hydrogel (P1) at 1 mg mL−1, varying
the strain rise time from 0.01 s to 1 s. a) Raw data and b) normalized stress relaxation. c) To a fair comparison, the
time is normalized according to the strain rise time, resulting in a stress relaxation independent of the strain rate.
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Supplementary Fig. 2. Normalized stress relaxation of PIC hydrogels composed with different polymer contour
length (P1, P2 and P3, equivalent to LC = 77, 110 and 154 nm, respectively) at strains  from 0.05 to 0.40.

119

Chapter 6

b
Normalized Stress

Normalized Stress

1.0
0.9
0.8
0.7
0.6
1 mg mL-1
2 mg mL-1
3 mg mL-1

0.5
0.4
0.01

0.1

0.10 
1

10

100

c

1.0

1.0

Normalized Stress

a

0.9
0.8
0.7
0.6
0.5

0.9
0.8
0.7
0.6
0.5

0.20 

0.4
1000

0.01

0.1

Time, t (s)

1

10

0.40 

0.4

100

1000

0.01

Time, t (s)

0.1

1

10

100

1000

Time, t (s)

Supplementary Fig. 3. Normalized stress relaxation of PIC hydrogels (P1) at different concentrations, analysed at T
= 37 °C. The initial storage moduli prior deformation were determined as 38 Pa (1 mg mL −1), 160 Pa (2 mg mL−1) and
423 Pa (3 mg mL−1).

1st
2nd
3rd
4th
5th

350

Stress,  (Pa)

300

b

250
200
150

1.0

1st
2nd
3rd
4th
5th

0.9

Normalized Stress

a

0.8
0.7
0.6
0.5
0.4

100
0.01

0.1

1

10

100

1000

Gel
P1
P2
P3

Normalized Stress, t=300 s

0.75
0.70

0.1

1

10

100

1000

Time, t (s)

Time, t (s)

c

0.3
0.01

- Fresh Gel
P1-f
P2-f
P3-f

0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.0

0.1

0.2

0.3

0.4

Strain (%)

Supplementary Fig. 4. a) Stress relaxation at strain  = 0.40 repeated 5 times on the same sample. The resulting stress
increases with the repeated strain, probably associated to plasticity occurring in the network. b) Normalized stress
relaxation is very close after applying strain for 5 times. c) Isochronal graph of the normalized stress relaxation at t =
300 s for samples freshly prepared at each strain and for samples used at every strain. The small difference supports
the use of a single gel throughout the tests.

120

Controlling the Stress Relaxation in Biomimetic Synthetic Hydrogels

Normalized Stress, 

1.0
0.9
0.8
0.7
0.6
0.5

P3 2.5 mg mL-1

0.4
P1 1.0 mg mL-1
0.3
0.001

0.01

0.1

1

10

100

1000

Time, t (s)

Supplementary Fig. 5. Normalized stress relaxation of the hydrogels composed with different polymer length and
with similar storage modulus G′ = 290 Pa (P3, 2.5 mg mL−1) and G′ = 210 Pa (P1, 1.0 mg mL−1).

b

Strain, 
0.10
0.15
0.20
0.30
0.40

1.0
0.9
0.8

Normalized Stress

Normalized Stress

a

0.7
0.6
0.5

Strain, 
0.10
0.15
0.20
0.30
0.40

1.0
0.9
0.8
0.7
0.6
0.5

0.4

0.4
-3

10

-2

10

-1

10

0

10

1

10

Time, t (s)

2

10

3

10

4

10

10-3

10-2

10-1

100

101

102

103

104

Time, t (s)

Supplementary Fig. 6. Normalized stress relaxation and Maxwell fit of the PIC hydrogels a) P3 and b) P2 at 1 mg
mL−1.

121

Chapter 6

Fit (strain)
0.10
0.15
0.20
0.30
0.40

Normalized stress

0.9
0.8
0.7
0.6
0.5
0.4
0.3
10-2

Normalized stress

c

10-1

100

101

0.7
0.6
0.5

0.3
10-2

103

0.9
0.8
0.7
0.6
0.5

25 % crosslinked
10-1

100

101

102

103

Time, t (s)

d
Fit (strain)
0.10
0.15
0.20
0.30
0.40

1.0

Fit (strain)
0.10
0.15
0.20
0.30
0.40

0.9
0.8
0.7
0.6
0.5
0.4

50 % crosslinked
10

-1

10

0

75 % crosslinked
10

1

10

2

10

3

1.0

0.3
10-2

10-1

100

101

102

103

Time, t (s)

Time, t (s)

e
Normalized stress

102

Fit (strain)
0.10
0.15
0.20
0.30
0.40

0.8

0.4

Time, t (s)

0.3
10-2

1.0
0.9

0 % crosslinked

1.0

0.4

b
Normalized stress

1.0

Normalized stress

a

Fit (strain)
0.10
0.15
0.20
0.30
0.40

0.9
0.8
0.7
0.6
0.5
0.4
0.3
10-2

100 % crosslinked
10-1

100

101

102

103

Time, t (s)

Supplementary Fig. 7. Stress relaxation curves and Maxwell fit for the P4 hydrogel crosslinked at different ratios.

122

Controlling the Stress Relaxation in Biomimetic Synthetic Hydrogels
Supplementary Table 1. Fitting parameters obtained from the Maxwell model for the normalized stress relaxation
of P1 and P2 hydrogels.
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Supplementary Table 2. Fitting parameters obtained from the Maxwell model for the normalized stress relaxation
of P3 and P4 hydrogel not crosslinked (0% crosslinked CL).
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Supplementary Table 3. Fitting parameters obtained from the Maxwell model for the normalized stress relaxation
of P4 hydrogel with 25 % and 50 % degree of crosslinking.
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Supplementary Table 4. Fitting parameters obtained from the Maxwell model for the normalized stress relaxation
of P4 hydrogel with 75 % and 100 % degree of crosslinking.
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Synthetic Hydrogel Mimics Biopolymer Networks under
Axial Deformation
ABSTRACT
When hydrogels are designed for biological applications, the mechanical properties are
carefully chosen considering the target. However, traditional methodologies of mechanical
characterization (simple shear or compression/extension) often ignore that the strains occurring
in vivo are multidirectional and much more complex. In this chapter, we analyze how the
(non)linear mechanical properties of a synthetic, yet biomimetic hydrogel change under
simultaneous uniaxial and shear deformations. Similar to biopolymer networks, our hydrogel
shows softening under compression and stiffening under extension. Because of its synthetic
nature, we are able to decouple key parameters of semiflexible networks and individually
understand their impact on the mechanical response under multiaxial deformation. The
persistence length, in particular, tunes softening in compression, as demonstrated by our
experimental results. Our work provides additional insights into the complex mechanical
behavior of semiflexible networks under in-vivo-like conditions.

Prof. Paul Janmey is acknowledged for the fruitful scientific discussion and for hosting a
secondment in University of Pennsylvania.
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7.1 INTRODUCTION
Cells are the building blocks of life. Isolating and studying them outside the body enables us
to understand complex biological processes and cellular pathways. Although historically in
vitro cell cultures are performed on two-dimensional (2D) models, researchers increasingly
adopt three-dimensional cultures that better mimic the 3D environment in our bodies1,2. The
mechanical properties of such 3D cell culture matrices have to be chosen with care, since the
stiffness, stiffening and relaxation behavior are important parameters that can drive biological
responses3-8. As cell culturing slowly shifts to the third dimension, the mechanical
characterization of the matrices lags behind. Mechanical properties are nearly exclusively
recorded in simple 1D geometries (in shear or in compression/extension), which is not in line
with the complex deformations in vivo, or even with cell-induced matrix deformations within
in vitro cell cultures. A key question is: How important is it to study the mechanical response
of soft materials under multiaxial deformation?
For many hydrogels, including those based on networks of flexible random-coil
polymers, such as polyacrylamide and poly(ethylene glycol), it is not very important at all.
Because these materials exhibit linear elastic responses, their properties are not altered by
multiaxial deformation9,10 and 1D mechanical characterization in shear, for example, is
adequate to predict their response in compression or elongation. For gels based on fibrous
networks that make up the intracellular and extracellular matrix of soft tissues, the mechanics
are much more complex. For these gels, typically, the shear modulus decreases when a sample
is compressed and increases under shear11 or extension.9,12 Oppositely, both cancerous and
healthy tissue stiffen under compression and soften when extended.13-15 Recently published
work16 showed that this response requires a combination of cells or cell-like soft particles and
a fibrous, semi-flexible network. The amplitude of the response is material dependent, and
although theoretical work provides interesting insights,12,17 it remains very difficult to analyze
experimentally which molecular properties are responsible for the effect.
In the present paper, we use a synthetic, but biomimetic hydrogel18 to experimentally
evaluate how the mechanical response under multiaxial deformation differs from the standard
shear experiment. The use of a synthetic gel offers the advantage that we can manipulate key
parameters independently.19,20 Besides the polymer concentration c, we will study the role of
the polymer contour length LC, and persistence length lp, which are challenging to control in
biological networks.9,21 The persistence length is directly related to the bending rigidity 𝜅̃ ,
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which is often used in theoretical work, and is one of the most important parameters that defines
the unique mechanical properties of semiflexible networks.
Analogous to semi-flexible biogels, our biomimetic gel was previously shown to be
shear strain-stiffening,18 and also shows clear compression softening and extension stiffening.
In contrast to current literature, we find that these effects are independent of the polymer
concentration, but are affected strongly by the polymers’ contour and persistence lengths.

7.2 RESULTS
Our synthetic hydrogel is formed of tri(ethylene glycol)-substituted polyisocyanides (PIC),
semiflexible polymers that bundle at low concentrations in water to form a 3D network. Just
like biopolymer networks based on collagen or fibrin18, PIC gels become much stiffer when a
shear strain is applied, increasing the modulus by an order of magnitude of more, a process that
is termed strain-stiffening. Strain-stiffening is associated with a variety of biological
functions3,4, for instance, it protects against tissue rupture5, assists in intercellular
communication5,6 and is considered to be a factor in the regulation of stem-cell
differentiation22. PIC gels emerged as an opportune model system that is well described by
theory, even near and below the isostatic point23. Because of its synthetic nature, we can control
the molecular parameters that, together, define the macroscopic mechanical properties.24
Moreover, chemical functionalization strategies allow us to introduce virtually anything on the
polymer backbone, such as cell adhesive peptides22,25, radiolabels26, crosslinkers27,28,
nanoswitches29 and (fluorescent) dyes.30 The mechanical and chemical versatility in
combination with the excellent biocompatibility make PIC hydrogels promising materials for
the tissue-engineering field.
We analyzed the properties of PIC hydrogels in a complex mechanical environment,
using a stress-controlled rheometer. PIC gel formation is thermally induced (and reversible),
which makes gelation between the rheometer plates reliable and reproducible. Typically, a cold
PIC solution in deionized water was loaded between the rheometer plates and equilibrated at T
= 37 °C for 10 minutes to form a mechanically stable hydrogel. Subsequently, deionized water
was placed around the edges of the hydrogel (Fig. 1a). Unlike shear, compression and extension
are not volume conserving, so the in and out flow of water across the edges allows volume
change during axial deformations (Supplementary Fig. 1). Note that PIC hydrogels (like other
semi-flexible networks) do not swell in water31 and that the gels behave mostly elastically with
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little relaxation at the experimental time scales (Supplementary Fig. 2). The equilibrated
network (constant storage modulus) was then axially deformed at a rate of 2 µm s−1 and
equilibrated for 8-10 min (Supplementary Fig. 2). For extension experiments, the axial
deformation is limited to detachment of the gel from the plates. In compression, we measure
until a plateau in the shear modulus is reached. Further compression results in stiffening
(Supplementary Fig. 3), which results from the increased concentration due to the deceased
compressed volume of the gel32 as well as to increased fiber stretching at large compressions.12
We measured the storage modulus G' as a function of shear strain γ under different axial
strains εN = (h – h0)/h0, where h and h0 are the gap sizes and the gap size of the rheometer at
zero axial strain. Throughout the manuscript, we will use G' for shear deformation beyond the
linear viscoelastic (LVE) regime and Gε for the shear modules at axial strain εN, probed at small
strains (1 %). We define the sign of the axial strain positive for extension, and negative for
compression. Without compression (Fig. 1b, εN = 0, black data points), we observe the
characteristic strain-stiffening behavior associated with semi-flexible networks: already at low
shear strains of γ ~ 0.1, G′ rapidly increases, followed by an increase in the normal stress
(Supplementary Fig. 4).
When compressed (blue data points), PIC hydrogels soften; the modulus in the linear
viscoelastic regime (LVE) halves under a compression of εN = –10% and softening levels off
after increasing compression to –20%. The observed compression-softening of the network
cannot be attributed to network damage or irreversible fiber adhesions (a common origin of
plasticity)33, because Gε fully recovers to the original value after removal of axial strain
(Supplementary Fig. 5). Under extension (red data points), we see a linear increase of the
storage modulus with strain. The profiles of compression-softening and stretch-stiffening are
qualitatively close to the response of biopolymer hydrogels9, and we believe that this is the first
report of this effect in a synthetic hydrogel. Quantitatively, however, we do observe some
differences. In extension, the stiffening response, which seems associated with the presence of
internal stress is slightly lower, and in compression, the degree of softening is lower and
softening saturates at lower axial strains. In the next paragraphs, we first discuss how axial
strain impacts hydrogel mechanics beyond the linear viscoelastic regime; next we discuss the
parameters that dominate the multiaxial response.
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Fig. 1. a) Axial strain causes architectural and mechanical variations in PIC networks. a) Representation
of the experimental setup: the hydrogel is formed between the rheometer plates and surrounded by water to allow
solvent flow. An axial strain εN is applied, followed by a shear strain  to assess the mechanical response. b)
Storage modulus G′ of PIC hydrogel (1 mg mL−1 in deionized water) as a function of oscillatory shear strain for
different εN. By convention, negative values of axial strain are used for compression, and positive values for
extension. G′ is constant in the linear viscoelastic (LVE) regime and increases at higher strains. c) When the
network is compressed or extended, network segments bend/buckle (blue) or stretch (red), which changes the
linear and nonlinear mechanical properties.

A closer look at Fig. 1b shows that axial strain also impacts the strain-stiffening response that
is characteristic for semiflexible networks34,35. To quantitatively describe strain-stiffening, we
assess three parameters from the shear sweep: the plateau modulus Gε (i.e. the shear modulus
G′ in the linear viscoelastic regime under axial strain εN, the critical strain c, defined as the
onset strain for stiffening and loosely interpretable as the sensitivity of the material towards
strain, and, lastly, the stiffening index m, a value for the responsiveness of the hydrogel towards
strain. The parameters are calculated from a power law fit to the differential modulus K′ ≡ ∂σ/∂γ
~ σm (see Supplementary Information for details). Besides an increased stiffness, we find for
gels in extension (red data), an increased sensitivity (decrease of c) and decreased
responsiveness (decrease of m) towards shear strain. The compression data (blue data) shows
the opposite effect; the hydrogel softens, and the onset of strain-stiffening delays, while the
material becomes more responsive.
The underlying mechanism for stiffening and softening under axial stress is well
described in the literature.9,12 When a semiflexible network is compressed, the fibers that bend
and buckle do not contribute any longer to the mechanical stability of the gel, resulting in a
softer material. This axial strain increases the so-called excess length, which is defined as the
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difference between the contour length LC and the end-to-end distance of fibers. Such increase
implies that larger shear strains are required to elongate these fibers, which delays the strainstiffening response. Simultaneously, the alignment of the fibers in the shear direction is more
favorable, which results in an increase of m. For collagen, fibrin and microtubules gels,
microscopy images confirmed this buckling mechanism.10,36-38 Under extension, the excess
length decreases, and the removal of thermal undulations results in stiffening.9,12 This pre-stress
in the network causes stiffening at lower strains, but alignment is less favorable, resulting in
lower responsiveness m. The striking similarities with biological gels9,12 highlights the
biomimetic character of PIC hydrogels.
Concentration dependence. The default approach to tune the stiffness of virtually any gel is
to change the concentration c. In line with earlier results,18 we find for PIC gels G′ ∝ c2.3 and,
due to constant bundle dimensions, a decreasing pore size ξ with increasing c that follows ξ ∝
c–0.5. The latter is directly related to the excess length, which affects the linear and nonlinear
shear mechanical properties of axially deformed networks. Fig. 2a shows Gε (at low shear
strains) as a function of 𝜀N for PIC concentrations c = 0.7–4.0 mg mL–1. Despite the narrow
concentration range dictated by the experimental considerations,39 the effect of polymer
concentration on the mechanical properties is clear: similar compression-softening and stretchstiffening is observed for any c. When we correct for the increase in Gε at any axial strain for
concentration effects, all the data collapses to a single curve (Fig. 2b). An increase in c reduces
the pore size or distance between crosslinks. With the excess length model in mind, we expect
the concentration only to affect the excess length when the characteristic length scale of
bending and buckling equals or exceeds the pore size. Our result implies that we are not in this
regime and that the changes in architecture only directly affect G′ and are not further influenced
by axial strain.
Shear stiffening under axial deformations. The most striking mechanical feature of
semiflexible networks is strain-stiffening; networks become many times stiffer with imposed
shear stress11,19 or internal stress31, yielding extremely responsive matter. We study how the
parameters that describe strain-stiffening, i.e. the stiffening index (m) and the critical strain (c)
are impacted by axial strain. As a general trend, we observe that with increasing extension, the
gels become less responsive and less sensitive to applied shear stress (monotonic decrease in
m and γc, Fig. 2c,d). We measure quantitatively the same values for different polymer
concentrations (0.7–1.5 mg mL−1), which indicates that the pre-stress that builds up in the
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Fig. 2. Storage moduli of PIC hydrogels under axial strain as a function of concentration. a) Plateau modulus
(Gε) as a function of axial strain (εN). For all concentrations, PIC hydrogels show compression-softening and
stretching-stiffening. b) Normalizing Gε with c2.3 gives in a master curve where all data overlap. c,d) For
concentrations 0.7–1.5 mg mL–1, the nonlinear mechanical parameters stiffening index m; c) and critical strain γc
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of the stiffest hydrogel were difficult to record. The data in all diagrams show the mean of 2 samples with ± SD.

network as a result of extension is spread similarly in the network, irrespective of the higher
polymer density, at least in the range of 10% extension.
In compression, m initially increases, then levels off at axial strains larger than ~5 %
(Fig. 2c). Further compression does not provide additional flexibility to the network. At fixed
𝜀N , m does not depend on c. We interpret the result in terms of architectural changes; in the
non-linear regime, the enthalpic stretching of the network dominates and is independent of pore
sizes or buckled fibers.
The second parameter, γc (Fig. 2d) continuously increases with compression, i.e. the
gels become less responsive to shear stress under increasing axial stress. Mechanistically, as
the excess length in the network increases, higher shear strains are necessary to enter the strain131
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stiffening regime. Only at high compression, we observe a difference in critical strain with
different concentrations: at higher c, gels are even less sensitive to shear deformations (in
contrast to m, which was fully independent of c). The results fit well to the mechanistic model:
the concentration-dependent excess length is directly related to the presence of thermal
undulations of the bundles, which determines the onset of strain stiffening. In the non-linear
regime, where we determine 𝑚γ , all thermal undulations are removed and network stiffening
is due to enthalpic stretching.
Uniaxial deformations have a double effect on the shear stiffening response of
semiflexible networks. Uniaxial stretch causes a pre-stress in the network, which makes the gel
stiffer and lowers 𝛾c , but the responsiveness towards shear strain also decreases. Uniaxial
compression, in comparison, causes the opposite effect. Considering how difficult it is to tune
the nonlinear properties of gels in vitro, understanding (uni)axial deformations and transposing
them into organized networks with internal or oriented deformations are the key to design truly
adaptive gels with dynamic mechanical properties.
The influence of polymer rigidity. An alternative parameter to manipulate the mechanical
properties of semiflexible hydrogels is the persistence length. For PIC gels, the shear modulus
scales with the persistence length of the bundle lp as: G′ ∝ lp2. For bionetworks, lp usually
increases with the incorporation of more fibrils or monomers into the bundle.40 The forces that
control and limit lateral bundle or fibril dimensions, however, are often unclear and difficult to
regulate, which makes this approach experimentally challenging. In the case of our synthetic
PIC gel, an easy and reliable way to tune lp is through addition of salts. Kosmotropic anions
yield stiffer hydrogels, while chaotropic anions soften the network41. The salt effects are a
combination of specific electrostatic interactions and changes in hydrophobicity, which
effectively result in an increase or decrease of lp, while other architectural network parameters
like bundle thickness N and pore size  remain constant20. Analysis of PIC hydrogels in the
presence of different salts allows us to directly measure the effect of lp on their multiaxial
mechanical response.
We prepared PIC solutions in 0.25 M NaH2PO4 (kosmotropic anion) and 0.25 M NaI
(chaotropic anion). From the shear modulus at εN = 0 of the corresponding gels compared to
that of the gel in pure water, we derived an increase in lp of a factor 1.5 for NaH2PO4 and a
decrease of a factor 0.6 for NaI. To facilitate comparison of axial stiffening or softening, we
normalize the storage modulus of the axially deformed gel Gε with the initial storage modulus
132

Synthetic Hydrogel Mimics Biopolymer Networks under Axial Deformation
without axial strain Gε=0 (Fig. 3a, Supplementary Fig. 6). Compression of the gel composed of
stiffer bundles (in NaH2PO4) leads to increased softening (Gε=0.2/Gε=0 = 0.51) in comparison to
PIC hydrogels in pure water (Gε=0.2/Gε=0 = 0.58) and in aqueous NaI (Gε=0.2/Gε=0 = 0.72). When
compressed, the stiffer networks bend and buckle more, and the relative softening is more
pronounced. In extension, Gε/Gε=0 superposes for all ε and for samples in pure water and the
NaH2PO4 solution, indicating that increasing lp does not change stiffening in extension (NB:
for the NaI solution, the gel is rather soft and partial detachment from the geometry plates
occurs at early axial strains). Interestingly, simulations of axially stressed semi-flexible
networks9 show that a change in the persistence length causes different shear mechanics,
particularly in extension. In compression, only small effects were found, which is quite
opposite to our experimental observations.
A third, independent approach to manipulate the mechanical properties of PIC gels is
to tune the contour length of the polymers forming the bundles LC.42 Experimentally, we found
G′ ∝ LC2 (εN = 0),19 in line with theory43 that also predicts a limit after which G′ becomes
constant with LC. Understanding the effect of LC on the 2D mechanical response has a very
practical benefits: LC is an experimentally easily accessible parameter, which, in contrast to the
addition of salts can be used in a biological context, for instance to tailor the mechanical
properties of 3D cell growth matrices.25 Varying LC, however gives rise to a complex response,
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Figure 3. Storage modulus of PIC hydrogels under axial deformations as a function of persistence length
and contour length. (a) Relative stiffening or softening of PIC gels with modified persistence length lp as a
result of the addition of kosmotropic (NaH 2PO4) or chaotropic (NaI) salts. Particularly, the compression
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in Supplementary Fig. 6.
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since multiple parameters change simultaneously:20 the persistence length lp, the number of
polymer chains inside a bundle N and, consequently, also pore size . Polymers with different
contour length LC = 77, 160 and 250 nm were obtained by tuning the monomer:catalyst ratio
during the polymerization reaction.18 We measure the shear moduli of the corresponding
hydrogels under axial deformation (Supplementary Fig. 6) and normalize the results to Gε=0
(Fig. 3b).
The shear moduli of PIC gels of different polymer lengths respond analogously to axial
stresses as the gels of different persistence lengths: gels of the longest polymers display
(relatively) the strongest softening (lowest Gε/Gε=0) in compression. In extension, all polymer
gels behave the same. Let us briefly analyze the expected complex response anticipated by a
variation of LC, which impacts lp, N and ξ. From the concentration measurements, discussed
above, we concluded that the shear modulus response to axial deformation is independent of
concentration and, for PIC gels, independent of pore size ξ. For PIC gels, the bundle
dimensions, expressed as the number of chains per bundle N, cannot be varied independently.
Looking, however, at the great similarities between the variation of lp and LC (Fig. 3a and 3b),
we confidently pose that the polymer length variation is dominated by persistence length
effects. Comparisons between hydrogels of long and short PIC polymers (LC = 250, 77 nm) in
the presence of 0.25 M NaI and NaH2PO4 clearly illustrate this ‘interchangeability’
(Supplementary Fig. 7).
In brief, experimental polymer length and persistence length effects show the largest
contribution to the mechanical properties in compression; in extension, the PIC gels behave
similarly. This result contrasts to simulations that vary the bending constant of networks.12 In
a biological tissue engineering context, the results are important for in vitro cell cultures under
a (periodic) deformation. Even at limited axial stresses, the mechanical properties of the tissue
culture matrix can be significantly overestimated.
Axial stress under uniaxial deformation. So far, we studied how axial deformation impacts
the mechanical properties in shear, i.e. perpendicular to the deformation direction. Obviously,
axial deformation also generates stresses in the z-direction.44 Simple synthetic and flexible
hydrogels, like polyacrylamide, present a linear and symmetric normal stress σN response
towards 𝜀N , where the slope is the Young’s modulus E: σN = E εN. The response of biological
semiflexible networks is asymmetric.9 Indeed, under extension we observe that 𝜎N almost
doubles in comparison to the unstrained gel (Fig. 4a). On the other side, 𝜎N slightly diminishes
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under compression (5%), and remains constant onwards (Fig. 4a). The initial linear response
is expected for any elastic solid at small strains, and has been reported for fibrin networks.45
Also for semiflexible networks, one can calculate the Young’s modulus E from the
slope of a stress-strain curve (E = σN/εN). As the shear modulus is known as well, we are able
to estimate the Poisson’s ratio ν at any axial strain ε from Eε = 2Gε(1 + ν). Note that for flexible
networks ν ≈ 0.5, which is the theoretical value for isotropic incompressible materials. The
Poisson’s ratio of biomaterials46 and tissues47 are commonly larger, i.e. a strong contraction
perpendicular to the deformation direction. The large ν in uniaxial extension in biomaterials is
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attributed to fiber densification, to a decrease of sample volume during deformation, and to a
smaller energy required to buckle fiber segments48.
From the data in Fig. 4a, we calculate the E and ν. We calculate E and ν, although one
should consider that both will be dependent on the axial deformation for nonlinear stress-strain
curves.12 In compression at εN = –30%, we observe E = 160 Pa and ν = 0.5, but in extension at

εN = +10%, E = 1.6 kPa and and ν = 2.7. The large discrepancy between compression and
extension, in particularly for the calculated Young’s modulus, comes from the nonlinear axial
stress response under compression, and from the asymmetric response in compression and
extension. For extension of higher concentration PIC gels, 4 mg mL-1, we find ν = 1.5 (at εN =
+5%, Supplementary Fig. 8). With increasing concentration, the pore size reduces. Shorter
chains between crosslinks require larger forces to buckle, which decreases ν. This analysis is
in line with earlier observations.48 Overall, the results highlight that the translation between
shear and axial experiments12 should be seen with great care.
Finally, one can compare the axial and shear modulus response to applied axial
extensional and compressional strains by plotting the increase in shear modulus ΔG = Gε – Gε=0
against the normal stress σN, both normalized to Gε=0. Both Gε and σN fully relax after ~2 min,
therefore poroelastic effects are not involved (Supplementary Fig. 9). Soft incompressible
biopolymer networks9,12 and tissues13,14 all display a linear dependence of G with σN, with
slopes between 1–5 in extension. The parameters that determine the slope are currently still
unclear. We plotted the results of our PIC gels with different concentrations, polymer length
and persistence length (due to the presence of ion) in Fig. 4c-e. Despite that all these variables
change the shear and axial mechanical properties, we find that the ratio between shear and axial
response is identical in extension. In compression, a linear dependence is preserved, although
the slope differs to the extensional ones. Based on this result, it is tempting to consider this
ratio between shear and axial response is given by the material properties.

7.3 CONCLUSION
Strains occurring in vivo are multiaxial, rather the uniaxial deformations that (shear, extension,
compression) that we often use to characterize them. The response of biopolymer networks and
tissues (i.e. biopolymer networks filled with cells) to multiaxial deformations are quite
complex.16 To predict the behavior of biological tissues, one needs to combine the nonlinear
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mechanical properties of fibrous ECM gels with that of particles that interact or do not interact
with the network. We present a synthetic, yet semiflexible network, that similar to gels based
on fibrin and collagen soften under compression and stiffen under extension. The high degree
of tunability that they provide makes the PIC gels ideal objects to learn more about the
parameters that drive the complex multiaxial mechanics.
Simulation studies already provided insights into mechanisms12 of compression
softening and extension stiffening by isolating individual parameters, like the bending rigidity
of the networks. Experimental work is currently limited to changes in concentration and
crosslink density9,12, which not only changes the mechanical properties but also the network
architecture. In fact, our work indicates that polymer concentration does not affect axial straininduced softening and stiffening. On the other hand, the persistence length lp proves an
excellent control parameter for softening/stiffening. For PIC, the contour length of the
polymers forming the filaments LC gives a similar effect, but is experimentally much easier to
vary and, additionally, changes in LC is fully compatible with cell culture conditions.25
Our work on synthetic model systems provide additional insight into the limited
understanding of the mechanical behavior of semiflexible networks undergoing multiaxial
deformations. The results underscore that the mechanical properties of fibrous hydrogels
already under physiologically relevant deformations cannot be extrapolated from simple shear
experiments. At much higher axial deformations, for instance in (cyclic) strain bioreactors, the
true mechanical properties of the matrix may be readily misinterpreted.

7.4 METHODS
Polyisocyanides were synthesized as previously described,9 using a monomer:catalyst ratio in
the range from 500:1 to 4000:1. The polymer contour length (Lc) was estimated from the
viscosity average molecular weight9. The gels were prepared by dissolving the polymers in
cold, deionized water for at least 12 hours, unless mentioned otherwise. The mechanical
characterizations were performed in a stress-controlled rheometer Kinexus (Malvern) or
Discovery HR-2 (TA Instruments), using an aluminium or steel 20 mm parallel plate and 1.0
or 1.5 mm gap. The polymer solution was loaded onto the plate at T = 5 °C and the gel was
formed after heating to T = 37 °C. After 10 minutes, a mechanically stable gel was formed, and
deionized water or salt solutions at the same temperature was pipetted on the edges of the gel
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to prevent water evaporation and to allow in-and out-flow of water during the extension and
compression steps, respectively. The storage modulus was recorded using 1 % strain at 1 Hz
for 50 minutes. The gel was then axially deformed at a rate of 2 µm s−1, and the nonlinear
mechanical properties were measured using an amplitude sweep protocol at 0.16 Hz, from 0.1
% strain upon breakage.
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7.6 SUPPLEMENTARY MATERIAL
Quantification of the critical strain γc and stiffening index m. Both values were calculated
from the strain sweep data. The stress-strain was differentiated to give K′ = ∂σ/∂γ. Then the
nonlinear part of K′ vs σ was fitted to a power law with exponent m. The critical stress σc is
defined as intersection of this fit with the linear part of K′ = G′, where G′ is the modulus in the
LVE (at low strains). The critical stress was then calculated from γc = σc/G′.

Supplementary Fig. 1. Pictures of the PIC hydrogel after axial deformation. (a) Compression expels waters
out of the hydrogel. (b) After cleaning the expelled water, one can see the boundaries of the gel. (c) The flat edges
of the hydrogel (not concave) prove that the hydrogel undergoes volumetric change with 10% extension due to in
flow of water.
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Supplementary Fig. 2. Storage and loss moduli over time for a typical compression experiment. G′′ is
typically low for PIC hydrogels, and therefore the viscous contribution is ignored. The example shows a PIC
hydrogel at 2 mg mL−1 that is first thermally equilibrated in the absence of axial load, allowing the bundles to
form. After, the gel is compressed at 2% steps, as pointed out by the arrows. The equilibrium modulus is taken as
the last data point. We use the same approach in the extension experiments and for the axial force data.
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Supplementary Fig. 3. Storage modulus and axial stress for compression of P2000 at 2 mg mL −1.
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nonlinear mechanical regime.
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deformed state (black data points). After this, the axial strain returned to the original gap (zero axial strain) and
the modulus was measured (red data points). The reversibly indicates the absence of new crosslinking points
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Outlook

8.1 Internally stressed hydrogels. This thesis describes a unique hydrogel that possesses
mechanical properties akin to biopolymer hydrogels, but that also has the advantage of
synthetic materials. Polyisocyanides decorated with ethyleneglycol groups (PIC) are water
soluble polymers that form hydrogels with stress-stiffening properties; under stress (or strain)
the hydrogel shows a nonlinear increase in stiffness that is instantaneous and fully reversible.
Stress-stiffening properties are commonly interpreted as the stiffening response towards a shear
stress. The previous chapters, however, explore this phenomenon in a much broader
experimental context, for instance when stress originates internally or is applied externally
from different directions.
Chapters 3 and 4 describe hybrid hydrogels of PIC and the thermoresponsive poly(Nisopropyl acrylamide) (PNIPAM). The collapse of PNIPAM with temperature transfers force
onto the PIC network, triggering the nonlinear mechanical response and amplifying the
stiffness increase. A truly intriguing aspect is that the stiffening effect is still preserved when
the hybrid hydrogel is composed of linear PNIPAM instead of a crosslinked PNIPAM network.
Our early hypothesis (later disproven) was that the stiffening effect would be lost in the semiinterpenetrating networks, since both networks are no longer physically interlocked. Recent
confocal fluorescent microscopy studies in collaboration with the group of Prof. Susana Rocha
at KU Leuven provide an in-depth understanding of our unexpected experimental observations.
After labeling both polymers with different dyes, structure formation as a function of
temperature was traced. At low temperatures, i.e., below the PNIPAM phase transition (Fig.
1a), the PIC network (green) is clearly formed, while the linear PNIPAM (violet) is
homogeneously distributed throughout the sample. As the temperature is increased beyond the
PNIPAM transition (Fig. 1b), the average pore size of PIC fibers increases and the PNIPAM
signal now exactly overlaps with the PIC structure. The results indicate a co-assembly of PIC
and the collapsed PNIPAM. Probably, dehydrated PNIPAM is more stable around the
hydrophobic PIC fibers. Ultimately, the entire process of dehydration, deposition on the PIC
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T = 24 C

PNIPAM

overlay

T = 34 C

PIC
Fig. 1. False colored fluorescence images of a dye-labelled PIC gel and PNIPAM, captured at temperatures below
(24 °C, left) and above (34 °C, right) the PNIPAM phase transition temperature (T = 32 °C). The hybrid hydrogel
was constructed with PIC-N3 (1 mg mL−1) labeled with DBCO-carboxytetramethylrhodamine (0.001 mol-%, green
channel) and linear PNIPAM (40 mg mL−1) copolymerized with fluorescein methacrylate (0.01 mol-%, violet
channel). The average PIC pore size increases from 24 °C to 34 °C, i.e. after the collapse of the PNIPAM on the
PIC network structure.

network and the volumetric transition is able to deform the PIC network, even at extremely low
PNIPAM concentrations.
The fluorescent microscopy results complement the architectural changes at the
nanometer level, presented in Chapter 3, as measured by small angle X-ray scattering and
atomic force microscopy. Together, they paint a picture of a complex hierarchical architecture
that changes at multiple length scales. The data in Fig.1 confirms that architecture changes
occur at the important cellular (micrometer) length scale of microns. As such, PIC/PNIPAM
hybrid hydrogels, and indeed other internally stressed hydrogels,1-3 form ideal model systems
to characterize and predict the response towards complex (e.g. multiaxial), dynamic and
temporal in-vivo-like deformations.
Induction of internal stress in hybrid hydrogels is not restricted to temperatureresponsive polymers, but should be a universal phenomenon for any material with volumetric
transition. For instance, poly(acrylic acid) and similar pH-responsive polymers present
volumetric transitions when the pH of the surrounding solution equals that of the polymer pKa.4
Light-responsive polymers, including some derivatives of PNIPAM, also present volumetric
146

Outlook
transitions that could be used to induce a stiffening response in semi-flexible networks.5
Although the idea seems straightforward, in practice it is not so simple. Preliminary results
from hybrid hydrogels of PIC with poly(acrylic acid), poly(methacrylic acid), P(NIPAM/2aminoisopropyl acrylamide)6 and P(NIPAM/allyl acetic acid)7 showed that (weak) interactions
between PIC and the second component seem to reduce the mechanical response. In such cases,
the volumetric transition and/or force transmission is not able to trigger the nonlinear response.
Moreover, tuning the pH in-situ can be challenging, as polyacrylic acid/polyacrylate creates a
buffer in solution. On the positive side, linear PNIPAM-based materials function similarly to
crosslinked networks and in this way, one has virtually unlimited freedom to synthesize or
modify PNIPAM derivatives to incorporate new functional and responsive groups,8 or any
other responsive polymers,9

to find new avenues towards sensitive and (mechanically)

responsive hydrogels.1-3
Towards biological applications. PIC hydrogels possess biomimetic mechanical properties
and porous architectures, and are readily decorated with chemically conjugated biofunctional
peptides that allow cell attachment for biomedical applications. The hybrid hydrogels presented
in Chapters 3 and 4 are promising materials for forming matrices with adaptive mechanical
properties; at a user-defined time, the stiffness of the matrix can be increased. Culturing cells
at temperatures below (T = 35 °C) and above (T = 37 °C) the stiffening transition, or
dynamically changing the temperature at a desired time or frequency, is expected to trigger a
biological response.10 These materials, however, still require optimization. We carried out
preliminary 3D cell culture experiments with human adipose-derived stem cells and MadinDarby canine kidney (MDCK) cells in cell-adhesive peptide (RGD)-functionalized
PIC/PNIPAM hybrids. Commonly, cell viability in PIC matrices is very high, but to our
surprise, we observed poor cell survival in the PIC/PNIPAM culture at T = 37 °C, while cell
viability was good in the same matrix at T = 35 °C.
The fluorescence microscopy experiments (Fig. 1) indicate one possible reason for the
low viability at T = 37 °C. We argue that as the PNIPAM collapses, it covers the PIC network
and at the same time, the cell adhesive peptides attached to PIC, which prevents cell attachment
to the matrix and results in the low viability. How to improve this hybrid gel for biological
applications, however, is still not clear but one can consider further developing the materials
along different lines. Firstly, by considering the co-assembly of PNIPAM and PIC and the high
interfacial interactions, microgel beads of crosslinked PNIPAM are anticipated to establish
anchoring points that preserve the stiffening effect, while this architecture keeps the cell147
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adhesive peptides spatially available. A second strategy is to attach the cell adhesive peptides
(or other biochemical functional groups) to PNIPAM as well. As the polymers co-assemble,
cells attached to PNIPAM will still experience the stiffness and stiffening of the entire hybrid
network.
The contour length as a simple, but multifaceted parameter to control the mechanical
properties. Their bundled architecture makes PIC hydrogels great model systems for fibrous
protein-based matrices. The bundles originate from the entropy-driven assembly of
semiflexible polymers at the lower critical solution temperature (LCST) phase transition.
Contrary to most biological hydrogels, tuning the polymer contour length LC of PIC (and other
synthetic polymers) is experimentally very straightforward. Earlier work already demonstrated
that LC affects the bundle diameters RB, persistence length lp, network pore size ξ, and,
consequently, the stiffness and strain stiffening properties of the hydrogels.11,12 In chapter 6,
we show that LC also affects the relaxation behavior, i.e., the viscous component of the
mechanical properties.
Indeed, recent work has shown that besides the elastic component of the mechanical
properties of cell culture matrices, the viscous terms can also direct cell behavior,13-15 which
makes hydrogels with tunable stress relaxation exciting materials in this field. For PIC gels,
changing LC, however, changes many physical and architectural properties simultaneously, and
does not allow independent control over, for instance, stress relaxation and stiffness. In a future
design, we foresee hydrogels that are selectively crosslinked within the bundles using a
dynamic crosslinker. Without compromising the porous architecture, the hydrogel stiffness is
modified by the crosslinker at relatively short time scales,16 while at longer time scales
relaxation behavior is determined by the independently tunable binding dynamics of the
crosslink.
Synthetic hydrogels as a platform to study semiflexible networks under stress. Also, to
gain more insight into the mechanisms of stress-stiffening (Chapter 5), stress-relaxation
(Chapter 6) and softening under compression (Chapter 7), we varied the polymer contour
length LC. A key step forward to further developing the field is to simulate the mechanical
behavior of such heterogeneous and hierarchical networks with computational models. The
true advantages of such computational models are that one can vary individual network
parameters and one is able to cover a range of input values that is hard to achieve
experimentally. The simulation results can act as an inspiration for researchers to design new
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hydrogels that allow decoupling of key parameters (LC, lp, RB,  and possibly relaxation times
τ), which would result in a breakthrough in the field to understand and control the mechanical
and structural response of (semiflexible) hydrogels under stress.
Until then, the first step will be to expand the toolbox of semiflexible polymers for
hydrogel formation. In fact, the blueprints, as described in Chapter 2, for the synthesis of stressstiffening hydrogels should be a great starting point. For instance, the semiflexible character of
PIC is only achieved due to the secondary helical structure of the backbone. Incorporating
groups with an appropriate balance between hydrophilic and hydrophobic groups to a variety
of already available helical polymers17 is a promising strategy towards a new generation of
semiflexible hydrogels. How to uncouple the network parameters and with that, the mechanical
and architectural properties, however, will remain an outstanding challenge. Maybe, once
more, we need to gain inspiration from nature, which uses selective crosslinks and hierarchical
assembly to create semiflexible organized structures. The preparation of (semiflexible)
polymers with spatial control over crosslinking junctions will be an exciting step towards
nature’s design and a fantastic new opportunity for stress-responsive hydrogels.
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Summary
Biogels found in vivo are constantly deformed under mechanical stresses. These materials are
composed of semiflexible polymer networks that are stress-stiffening, i.e., they present a
remarkable increase in the stiffness under (shear) stresses. The stresses occurring in vivo, however,
are not like the well-defined stresses applied in a shear experiment; they are not unidirectional,
have different time scales and originate from different sources, resulting in different responses of
semiflexible hydrogels. In this thesis, we study the mechanical response of biomimetic hydrogels
to stress. Our gel is composed of polyisocyanide (PIC), a material that truly mimics the architecture
and mechanical properties of in vivo gels with the advantage of being synthetic. In this way, we
are able to tailor the polymer at molecular level and directly link its structure to the mechanical
response under stress.
In Chapter 1 we briefly introduce stimuli-responsive hydrogels that are composed of
synthetic polymers. This special class of smart materials, which closely mimic the dynamic
properties of bionetworks found in nature. We discuss how stimuli induce changes in the
architecture and in the mechanical properties of these responsive hydrogels, and highlight stressresponsive hydrogels.
Stress-stiffening hydrogels, in particular, stand out from traditional hydrogel materials
because of the intense and reversible stiffening that occurs while the network architecture is
preserved. In Chapter 2, we review hydrogels with stress-stiffening properties, with a focus on
synthetic materials. We describe the design parameters and suggest strategies how to engineer new
synthetic gels with stress-stiffening properties. Tailoring the persistence length to the same length
scale as the pore size is key for achieving hydrogels with stress responsive properties. A full
understanding of the design rules and limitations for creating stress-stiffening hydrogels is
essential to the next generation of ‘smart’ hydrogels for biomedical applications.
Cells encapsulated in a biological extracellular matrix stiffen their environment by
contracting the surrounding bionetwork. Analogously, in Chapter 3 we present a hybrid hydrogel
that responds to internal stress. The hybrid hydrogel is composed of PIC and poly(N-isopropyl
acrylamide) PNIPAM, a temperature responsive material. The thermal collapse of PNIPAM
internally stresses the PIC network, resulting in a large, sharp and reversible stiffening of the gel
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up to 50 times its original modulus. The scope and magnitude of stiffening are controlled by both
composition and concentration of the components and we observe that the stresses induced in the
materials are of the same scale as found in nature, which underlines the biological relevance of
such systems.
Adaptive hydrogels with controlled stiffening are of special interest to the biomedical field.
Although our hybrid hydrogel, presented in Chapter 3, has potential to this area, the material
parameters do not match physiological conditions. In Chapter 4, we describe the synthesis of
linear copolymers of PNIPAM and hydrophilic acrylates to tune the transition temperature closer
to body temperature. We compare the resulting relative stiffening for a small temperature window
of the resulting hydrogels. The optimized hybrid hydrogel reaches tenfold stiffening within a 1 °C
temperature cue, with the advantages of straightforward preparation and reversibility to the liquid
phase on cooling below the PIC gelation temperature, which allows easy cell extraction and
potential applications in microfluidic devices.
Combined rheology and small-angle X-ray scattering (RheoSAXS), described in Chapter
5, is a powerful technique that allow us to simultaneously analyse the structure and the mechanical
properties of soft matter. Analysis of the resulting scattering curves using appropriate models
enables us to propose a mechanism of deformation; in the linear mechanical regime (at low
stresses), the soft network deforms towards shear direction and the polymer bundles approach each
other, decreasing the pore size. In the non-linear regime (at high stresses), the stiff network
prevents further deformation, and changes in the network structure are not detected.
While the elasticity of synthetic hydrogels is easily controlled by changing the concentration
and the degree of crosslinking, independent control of the viscous component is still challenging.
In Chapter 6, we show that stress relaxation in PIC hydrogels is tuned by two main parameters:
the polymer contour length and the degree of crosslinking. A three-term Maxwell model is used
to link relaxation processes occurring at different architectural length scales (polymer chains,
bundles of chains and the network) to the (non)linear mechanical properties. Uncoupling the
relaxation time from the hydrogels elasticity gives these fibrous 3D hydrogels ideal characteristics
to study the role of matrix relaxation in cell behavior.
In vivo deformations are multidirectional and quite complex. In Chapter 7 we describe the
variation in the (non)linear mechanical properties of PIC hydrogels under simultaneous uniaxial
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and shear deformations. We observed that the shear modulus of our gel softens under compression
and stiffens under extension, similar to bionetworks. Because PIC is a synthetic material, we are
able to tune the molecular parameters that control the mechanical responses. For instance, the
intensity of softening under compression is controlled by persistence length of the bundles. Using
PIC as a model system gives us additional understanding to the complex field of (multi-axial
deformations of) semiflexible networks.
Finally, in Chapter 8, we discuss the advantages of our stress responsive hydrogels, suggest
future optimization for biomedical applications and propose how to translate what we learned to
other (synthetic) semiflexible networks.
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Samenvatting
Weefsels in het lichaam worden continue blootgesteld aan mechanische krachten. Deze materialen,
die het best omschreven kunnen worden als gels, zijn opgebouwd uit semiflexibele polymere
netwerken die ‘vervormingsverstijfing’ vertonen, oftewel, de stijfheid neemt erg toe onder een
(afschuif)spanning. De krachten en spanningen in vivo zijn echter niet de goed gedefinieerde
spanningen die toegepast worden in een reologie experiment; ze zijn niet uni-directioneel, hebben
verschillende tijdschalen en ontstaan op verschillende wijzen. Samen resulteert dit in een meer
complexe reactie van de semiflexibele hydrogels.
In dit proefschrift onderzoeken hoe een hydrogel die een grote gelijkenis vertoont met
verschillende biologische gels mechanisch reageren op spanning. De gel die we onderzoeken is
gebaseerd op polyisocyanide (PIC), dat het grote voordeel heeft dat het synthetisch is. Op deze
manier zijn we in staat om het polymeer op molecuul niveau selectief te kunnen aanpassen en
zodoende de polymeerstructuur te kunnen koppelen aan de mechanische reactie.
In Hoofdstuk 2 introduceren wij stimulus-gevoelige hydrogels die hus eigenschappen wijzigen
zodra een stimulus wordt toegepast. We bespreken hoe deze categorie van slimme materialen de
dynamische eigenschappen van natuurlijke bionetwerken nabootst. Verder bespreken we hoe de
stimuli veranderingen kunnen induceren in de architectuur en mechanische eigenschappen van
deze responsieve hydrogels, en met name in de spannings-gevoelige hydrogels.
Vervormingsverstijvende hydrogels onderscheiden zich van traditionele gels, door hun intense en
reversibele verstijving onder vervorming, terwijl de polymeernetwerk architectuur behouden blijft.
We beschrijven het ontwerp en kritische parameters en we stellen strategieën voor hoe nieuwe
synthetische gels met vervormingsverstijvende eigenschappen gemaakt kunnen worden. Om zulke
materialen te verkrijgen is het van belang dat de persistentie lengte van het netwerk zo wordt
aangepast dat het dezelfde lengteschaal heeft als die van de porie-grootte. Een beter begrip van de
ontwerp regels en de mogelijkheden van vervormingsverstijvende hydrogels is essentieel voor het
ontwerp van nieuwe generaties ‘slimme’ hydrogels, bijvoorbeeld voor biomedische toepassingen.
Cellen omgeven door hun biologische extracellulaire matrix verstijven hun omgeving door middel
van contractie van die omliggende matrix. In Hoofdstuk 3 presenteren we een analoge hybride
hydrogel die reageert op interne spanningen. De hybride hydrogel bestaat uit PIC en poly(N155
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samentrekking van PNIPAM als gevolg van een faseovergang draagt kracht over aan het PIC
netwerk, dat vervolgens resulteert in een plotselinge, sterke en reversibele verstijving van de gel;
tot wel 50 keer zijn originele modulus. De grootte van de verstijvingsreactie wordt gecontroleerd
door zowel de compositie en concentratie van de componenten. Daarnaast zien we dat de absolute
spanningen die in de gels gegenereerd worden van dezelfde orde grootte schaal zijn als die in
cellen, bijvoorbeeld als actine verstijving door myosine motoren.
Adaptieve hydrogels met gecontroleerde verstijving zijn bijzonder interessant voor biomedisch
onderzoek. De hybride hydrogel van Hoofdstuk 3 heeft potentie in dit veld, echter, de materiaal
parameters komen niet overeen met gewenste fysiologische omstandigheden. In Hoofdstuk 4,
beschrijven wij de synthese van lineaire copolymeren van PNIPAM en hydrofiele acrylaten om de
faseovergang nauwkeuriger te kunnen afstemmen met de lichaamstemperatuur. We vergelijken de
verstijving van verschillende hybride gels in een klein temperatuur bereik. De geoptimaliseerde
gel bereikt een tienvoudige verstijving met een temperatuurstoename van slechts 1 °C. Bijkomend
voordeel van dit geoptimaliseerde materiaal is de volledige reversibiliteit: koeling onder 37 °C
geeft de zachtere gel weer en koeling onder de 10 °C geeft een polymeeroplossing, geschikt voor
eenvoudige celextractie en de mogelijkheid om de materialen toe te passen in microfluidische
technieken.
Een combinatie van reologie en kleine hoek röntgen verstrooiing (RheoSAXS), beschreven in
Hoofdstuk 5, is een krachtige techniek dat gelijktijdige analyse van zowel de structuur als de
mechanische eigenschappen van zachte materie toestaat. We stellen een deformatie mechanisme
voor PIC gels voor aan de hand van de met modellen geanalyseerde verstrooiingscurves: in het
lineaire mechanische gebied (bij lage spanningen) vervormt het zachte netwerk parallel aan de
kracht en worden de polymere samengedrukt, waardoor de poriegrootte kleiner wordt. In het nietlineaire gebied (bij hogere spanningen) voorkomt het stijve netwerk verdere vervormingen,
waardoor geen verdere veranderingen in de netwerkstructuur gedetecteerd worden.
Ondanks dat de elasticiteit van synthetische hydrogels gemakkelijk instelbaar is via de polymeer
concentratie en verknopingsgraad, blijkt de (onafhankelijke) beheersing van de viskeuze
component van de mechanische eigenschappen nog steeds een uitdaging. In Hoofdstuk 6, laten
we zien dat spanningsrelaxatie in PIC hydrogels bepaald wordt door twee hoofdparameters: de
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polymeer contourlengte en de verknopingsgraad (degree of crosslinking). Een drie componenten
Maxwell model is gebruikt om de relaxatie processen, die plaatsvinden op verschillende
architectuur lengte schalen (polymeerketens, bundels van ketens en die van het netwerk) te
koppelen aan de niet-lineaire mechanische eigenschappen. Het ontkoppelen van de relaxatietijd
van de elasticiteit van de hydrogels geeft deze vezelachtige 3D hydrogels de ideale eigenschappen
om de rol van matrix relaxatie op celgedrag te kunnen bestuderen.
In vivo vervormingen zijn multi-directioneel en erg complex. In Hoofdstuk 7 beschrijven we de
variatie in de (non)lineaire mechanische eigenschappen van PIC hydrogels onder gelijktijdige
uniaxiale en afschuif vervormingen. We observeren dat de afschuifmodulus van de gel verzacht
onder axiale compressie en verstijft bij axiale rek, zeer vergelijkbaar met het gedrag van
bionetwerken, zoals collageen. Omdat PIC een synthetisch materiaal is, zijn we in staat om de
mechanische reactie aan te passen via veranderingen in de moleculaire structuur. Bijvoorbeeld, de
mate van verzachting onder compressie hangt af van de persistentie lengte van de
polymeerbundels. Het gebruik van PIC als een model system brengt aanvullende kennis binnen
het complexe veld van (multi-axiale vervormingen van) semi-flexibele netwerken.
Tenslotte bespreken we in Hoofdstuk 8 de voordelen van de kracht-afhankelijke hydrogels, stellen
we verdere optimalisaties met betrekking tot biomedische toepassingen voor en geven we
handvatten voor de vertaling van onze bevindingen ten behoeve van de ontwikkeling van
alternatieve (synthetische) semi-flexibele netwerken.
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