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Toward Tissue-Like Material Properties: Inducing In Situ

Adaptive Behavior in Fibrous Hydrogels

Wen Chen, Jyoti Kumari, Hongbo Yuan, Fan Yang, and Paul H. J. Kouwer*

The materials properties of biological tissues are unique. Nature is able to
spatially and temporally manipulate (mechanical) properties while main-
taining responsiveness toward a variety of cues; all without majorly changing
the material’s composition. Artificial mimics, synthetic or biomaterial-based
are far less advanced and poorly reproduce the natural cell microenviron-
ment. A viable strategy to generate materials with advanced properties
combines different materials into nanocomposites. This work describes nano-
composites of a synthetic fibrous hydrogel, based on polyisocyanide (PIC),
that is noncovalently linked to a responsive cross-linker. The introduction

of the cross-linker transforms the PIC gel from a static fibrous extracellular
matrix mimic to a highly dynamic material that maintains biocompatibility, as
demonstrated by in situ modification of the (non)linear mechanical proper-
ties and efficient self-healing properties. Key in the material design is cross-
linking at the fibrillar level using nanoparticles, which, simultaneously may be

material chemists can only dream of real-
izing this level of adaptiveness. In search
of artificial matrices that better mimic
the cell's microenvironment, nature’s
fibrous hydrogels are arguably the best
starting point. The fibrous architectures
give rise to good mechanical properties
at low protein densities and ensure a
porous matrix that facilitates cell migra-
tion. A key hallmark of such matrices is
strain stiffening, i.e., the effect that the
stiffness of the hydrogel strongly (up to
100-fold) and reversibly increases as the
material is deformed.”? Indeed, networks
of extracellular matrix proteins collagenl’!
and fibrinl but also cytoskeletal proteins
actin® and intermediate filamentsl® all

used to introduce more advanced properties.

1. Introduction

Living cells continuously probe the mechanical properties of
their microenvironment, and simultaneously, generate physical
feedback to remodel and reorganize the extracellular matrix
(ECM) by protein excretion or digestion, which allows them
to actively, in situ, manipulate the matrix mechanics.l! So far,
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show a strain stiffening response which

is crucial for the complex mechanical

response of tissues.”l Depending on the

protein, the threshold (sensitivity to defor-
mation) and the extent of stiffening (responsiveness to defor-
mation) varies.

Although (reconstituted) hydrogels of biopolymers reca-
pitulate the architecture and mechanical properties of the
ECM relatively well, they are difficult to tailor and manipu-
late. Oppositely, synthetic fibrous gels in combination with
on-demand adaptivity would give rise to uniquely tailorable
materials,® which may be at the basis of the next generation
of matrix materials for cell culture and tissue engineering.l’)
These synthetic equivalent remain relatively rare. Our group
reported an early example based on polyisocyanide (PIC) gels
with a semiflexible bundled architecture that closely mimics
intermediate filaments.!% Sijbesma and co-workers developed
fibrous hydrogels from covalent fixed of bisurea bolamphiph-
iles™ and, recently, van Esch and co-workers reported a new
class of self-assembling semiflexible fibrous gels.?l Beyond the
approach of rigid components, also strain stiffening behavior
of hybrid flexible gels™ and cleverly engineered materials™
have been reported. Although these materials reliably show
strain stiffening behavior, to further manipulate the mechan-
ical properties, researchers typically vary the polymer concen-
tration, which, however changes all other hydrogel properties
simultaneously. Strategies to fabricate hydrogels mimicking the
dynamic properties and high adaptiveness of the native ECM
are highly challenging.

An emerging strategy to design stimuli-responsive polymeric
hydrogels employs composites or hybrids: polymer gels with
nanoparticles that provide new physical, chemical, and biolog-
ical properties.™! A well-designed interaction between polymer
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Figure 1. Materials and strategies used to develop the adaptive hydrogels. A) Molecular structure of the azide-functionalized polyisocyanide (PIC), the
short spacer (Dd) with a dual purpose (in the ionic cross-linking approach and in the particle cross-linking approach as functional groups grafted on
the FeNR surface). B) Chain bundling network formation attributed to hydrophobic interactions of the polyisocyanide backbone and the ethylene glycol
tails. lonic cross-linking via the SPAAC reaction and metal-coordination interactions in the mixture of PIC, Dd, and iron ions results in the inside bun-
dling cross-linking process without changing the morphology of the gel network. Nanoparticle cross-linking in the mixture of PIC and Dd-functionalized
FeNRs results in between bundling cross-linking with the formation of a polymer—particle network.

and nanoparticle (NP) (e.g., based on metal-coordination
bonding,’ hydrogen bonding,™ host-guest interactions,]
and dynamic covalent bonding[™®) can be used to introduce
unique behavior including sensitivity to external cues (mag-
netic, pH responsiveness, etc.), self-healing properties, anisot-
ropy, conductivity, and so on. Inspired from marine mussel
threads,™! catechol groups were found to efficiently form
reversible hydrogen bonding[***?%l and metal—catechol coordi-
nation;??!l and were used to develop hydrogels with self-healing
properties, adhesiveness, and stimuli responsiveness.??

Here, we describe a comprehensive strategy to dynami-
cally manipulate the linear and nonlinear (strain stiffening)
mechanics of biomimetic hydrogels. As the core material, we
use the highly responsive PIC-based hydrogel (Figure 1A).12>10)
To induce dynamic properties in this static fibrous gel, we
introduce responsive cross-linkers, either at the polymer chain
level or at the mesh size level, following two distinctly different
approaches (Figure 1B). In the first, which we term ionic cross-
linking, we use ferric ions (Fe**) that primarily cross-link inside
bundles of the PIC network. A maximum of three catechol
ligands are able to bind to one cation. In the second strategy,
termed nanoparticle cross-linking, iron oxide nanorods (FeNRs)
act as cross-linkers, which allow many more bonds between the
polymers and one particle. As the length of the FeNRs is of the
order of the mesh size of the PIC network, one would expect
that this strategy will also cross-link between different bundles.
For the interaction between the polymer and the Fe** ions or
the FeNRs, we employ a small spacer with, at one terminus,
a dibenzocyclooctyne (DBCO) group that can covalently bind
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to the azide groups on the PIC and on the other terminus a
dopamine moiety that forms a dynamic metal-coordination
bond to the ion or nanoparticle (Figure 1A). The dynamic
character in the gel, which is the result of the noncovalent
(pH sensitive) dopamine-Fe'/FeNP junctions, is best dem-
onstrated by the excellent self-healing properties gel. In this
paper, we provide tools to direct mechanical properties (linear
and strain stiffening) and dynamics of these fibrous hydrogels,
simply by controlling the nature of the cross-link, its density,
and its affinity.

2. Results

2.1. Preparation of Hydrogel Composites

For the strain stiffening hydrogel, we employed the fully syn-
thetic semiflexible ethylene-glycol-substituted PIC polymers.[
On heating an aqueous PIC solution above T, the PIC chains
aggregate into bundles and form a thermoresponsive hydrogel
network,?3l analogous to hydrogels of intermediate filaments or
F-actin.?>') As such, PIC gels have been exploited as a biomi-
metic material for various biomedical applications that range
from in vitro cell culture material® (as an artificial ECM) to
in vivo wound healing®®! and dental?! applications. As a syn-
thetic polymer, however, it provides excellent molecular control
in physical and chemical properties. Functional groups at the
periphery of the polymer chain (like the azide group) are readily
postfunctionalized to virtually any moiety, including peptides,
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proteins, and dyes.”’] Their mechanical properties can be tai-
lored by varying many (orthogonal) parameters, including the
polymer concentration!" and length, and the application of
external stimuli, like temperature, %28 jonic strength of the
solution, 8 cross-links,?% and external or internal mechanical
forces.[23:30

For the cross-linking reactions, PIC was equipped with azide
groups (10 mol%) following established protocols?®! (see the
Supporting Information for details). Ferromagnetic FeNRs
(Fe;0,) were synthesized earlier® and functionalized with dif-
ferent densities of dopamine-DBCO (dD) linkers at their sur-
faces (Supporting Information). For the FeNP cross-linking
procedure, a cold PIC solution (4 °C) was mixed with a cold
solution (4 °C) of the dD-functionalized FeNRs. After mixing,
the solution is heated to 37 or 50 °C to accelerate the strain-pro-
moted azide—alkyne cycloaddition (SPAAC) cross-linking reac-
tion, which was considered finished when the mechanical prop-
erties of the nanocomposite stabilized. Note that higher cross-
linking temperatures require shorter reaction times.*¥ For the
ionic cross-linking, a cold solution of PIC and a solution with
the required concentration of dD linkers and a fixed concentra-
tion (excess) of FeCl; were mixed and heated to 37 °C for the
SPAAC reaction to complete. The reaction with these dynamic
cross-linkers are much faster than those with the FeNPs.[32!

For rheology experiments, the SPAAC reaction is performed
in situ in between the parallel plates of the rheometer. After
cross-linking, the temperature is lowered to 5 °C, where un-
cross-linked PIC returns to an aqueous solution, while for the
cross-linked samples, the gel state is (partly) maintained. We
then heat all samples to 37 °C where the nonlinear strain stift-
ening properties of the materials are assessed via the prestress
protocol,?>33 which accurately captures the mechanical prop-
erties of a material under strain by superposing a small oscil-
latory stress on a larger constant stress o. From the protocol,
we calculate the differential modulus K’= do/dy, where do and
Oy represent the oscillatory stress and strain, respectively. At
low applied (pre)stress, i.e., in the linear viscoelastic regime,
K’ equals the common shear modulus G’ but beyond a crit-
ical stress o, which marks the stress onset for nonlinearity, a
strong stiffening regime is entered and the modulus increases
exponentially with applied stress following K" e ¢™. The stiff-
ening index m, with the theoretical limit®4 m < 3/2, determines
the intensity of the stiffening response.

2.2. The Effect of the Cross-Linker on the Linear and Nonlinear
Mechanical Properties

Variation of the mechanical properties of fibrous hydrogels
typically addresses through the protein concentration, which
has the disadvantage that many other properties vary simulta-
neously. In vivo and in vitro, however, cross-linking is used as
an effective strategy. In our PIC model, we studied two cross-
linking extreme systems’ cross-linking modes: the first where
the cross-links are positioned inside the fibrils; the second
where they are between fibrils, both using the same noncova-
lent iron coordination motif. We anticipate that the intrafibrillar
cross-links will not significantly change the fibrous architec-
ture and, based on earlier work,?”! will not change the linear
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and nonlinear mechanical properties of the gels significantly.
Contrarily, cross-links between bundles will affect the network
architecture and for these gels,’) we would expect a strong
dependence on the degree of connectivity between the polymer
network and the nanoparticles.

We prepared cross-linked gels with a fixed polymer concen-
tration, [PIC] = 1 mg mL}, corresponding to 350 um available
azide groups). For the intrafibrillar-cross-linked hydrogels,
denoted PICF**, excess iron Fe** (667 mwm) was introduced
and the concentration of the linker was varied to give samples
PICF3*.1 to PICF®*4 (Table 1). The nanoparticle-conjugated
gels, denoted PIC™R are prepared with a fixed nanoparticle
concentration [FeNRs] = 1 mg mL™. As controls, we included
pure PIC gels (without Fe** or nanorods) and the corresponding
physical mixture at the same PIC and FeNR concentration but
without linkers. After mixing, the samples were heated for
cross-linking, cooled to 5 °C, and reheated to 37 °C (Figure S2
in the Supporting Information for the full experiment).

As the PIC gels are thermoreversible, cooling a gel that has
not been cross-linked yields the polymer solution, whereas
cross-linked gels (partially) maintain their stiffness. From the
reheating curve, we determine a phenomenological cross-
linking efficiency S as the ratio of the shear modulus at T =
5 and 37 °C: S=G../G;, which assumes that for a highly
cross-linked PIC hydrogel, the thermoreversibility is entirely
suppressed. In addition, we define a cross-linking-induced stiff-
ening ratio R, which is the ratio between the shear modulus of
the cross-linked sample with that of the PIC gel, both at 37 °C:
R=Glo/Ghe.

Figure 2A and Table 1 summarize the mechanical proper-
ties of all composites and the controls in the linear viscoelastic
regime (LVE). The curves of ionically cross-linked Fe’* gels
(open squares) virtually overlap; a small increase in stiffness

Table 1. Mechanical properties of the cross-linked composites. For all
samples: [PIC] =1 mg mL™" and [Fe**] = 350 um or [FeNR] =1 mg mL™".
Mechanical properties as the average of 3 measurements with the
standard deviation.

Gel Linker Gsec G%pec  Cross-linking Stiffening
concentration [Pa] [Pa] efficiency S¥  ratio RY)
[1m]
PIC only9 - 0.58+0.06  118+22 - 1
pICFe3t 175 1243 82+12 0.15 0.69
pICFe3+.2 350 16+4 8815 0.18 0.75
pICFe3+.3 525 28+9 110 + 48 0.25 0.93
pICFe3tg 700 40+7 119+ 35 0.33 1.01
PICFeNP.] 122 10+1 127 £31 0.08 11
pICFeNP.2 186 38+8 157 £20 0.24 13
pICFeNP.3 265 8141 223+36 0.36 1.9
PICFeNP.4 372 142 + 32 227 +36 0.63 19
PICFeNP.5 562 311+ 99 379 £ 60 0.82 3.2
PICFeNP.g 850 1003 +167 892 +110 112 7.6
PIC + FeNRs?) - 043+0.02  93+20 - 0.8

ACross-linking efficiency S = G;~c /Gyyee; PStiffening  ratio R= G;m/cr;\ci
9Control 1: PIC gel only; no Fe**, FeNPs, or linkers added; 9Control 2: physical
mixture of PIC and FeNR without linkers.
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Figure 2. Mechanical properties of the cross-linked composite gels as a function of the cross-link density. A) Shear modulus G”in the LVE as a function
of temperature T measured for samples with different cross-linking efficiency, obtained in the reheating curves. B) Strain stiffening data: differential
modulus K”as a function of applied stress o for the same samples, showing little variation for the Fe**-cross-linked gels and a decrease from K’ ¢'°
to K”o< 6°% at high FeNP cross-linking densities. C) K’versus o with the modulus and stress normalized with Gy and o, respectively, clearly showing
the reduced stiffening response for the FeNP-cross-linked gels. D-G) Data extraction from the nonlinear measurements: critical stress o, (D), critical

strain ¥ =

0./G’ (E), stiffening index m (F), and stiffening factor K’/G, (G) plotted against the stiffening ratio R. Data are averages of n = 2—4 experi-

ments; shading in (A—C) or error bars in (D-G) represent standard deviation. The solid lines in (D-G) are power-law fits. For all samples: [PIC] =
1 mg mL™, [Fe**] = 667 um or [FeNRs] =1 mg mL™", only the molar ratio of linkers varies.

is observed for higher linker densities. The storage moduli at
T = 37 °C are in line with that of the PIC gel (black squares),
indicating that, indeed, the ions hardly interfere with the net-
work architecture and mainly stabilize the existing fibrillar
structure, which become clear on cooling: at low temperatures,
the PIC gel transforms to a solution, while the ferric ions sta-
bilize the polymer chain in the bundles, which (partly) main-
tains the network. Note that none of the samples show signs
of relaxation in the frequency range 0.1-10 Hz (Figure S3A,B,
Supporting Information).

The mechanical properties of the nanorod-cross-linked hydro-
gels (solid circles) strongly depend on the connectivity between

Adv. Mater. 2022, 34, 2202057 2202057 (4 of 13)

the network and the particles. First, with an increasing density
of linkers on the nanorods, the thermoreversibility of the PIC
gradually disappears completely; at the highest cross-linking
densities, the shear modulus has become nearly independent of
temperature (Figure S3C,D in the Supporting Information for
viscoelasticity). In contrast to the ferric ions, the nanorod-based
cross-linking strongly affects the shear modulus in the gel phase:
G 37oc increases to =1000 Pa for the strongest cross-linked com-
posite, corresponding to R = 76. The stiffening effect is attrib-
uted! to a change in morphology of the network induced by
the cross-linking reaction, where the bundle thickness increases
from 11 to 300 nm (Figure S4, Supporting Information).
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In the nonlinear stiffening regime, we find that ionic
cross-linking (Figure 2B) has a negligible effect on the stiff-
ening response; irrespective of the number of cross-links,
the samples behave the same as the PIC only control, which
become particularly clear when the data are normalized to G”
and o, (Figure 2C). Analogous to the LVE regime, nanopar-
ticle cross-linking has a clear effect on strain stiffening of the
composites. Increasing the interaction between the particles
and the polymer network increases o, and decreases m. In
other words, the composites become less sensitive and less
responsive toward external strain with an increasing degree
of cross-linking. The stiffening index, m, decreases from 1.5
for pure PIC (also found for gels of intermediate filaments
and actin) to 0.6 (close to values found for fibrin gels) for the
composite with highest cross-linking efficiency.l?* Normaliza-
tion to G”and o clearly shows that the stiffening of different
gels does not collapse to a single master curve, which is
often observed in concentration or temperature studies.2>282
We note that these results were not predicted by modeling
studies of cross-linked idealized semiflexible networks.[3!
In fact, our data indicate that with the same composition,
a high variability of mechanical properties can be realized.
Earlier work that aimed to tune the strain stiffening param-
eters, always require compositional changes or variation in
the experimental conditions. More commonly, cross-linking
of networks based on, for example, actin,P! proteins,**! mod-
ular gelators,l"”) and micelles," show unchanged stiffening
responses.

When we consider that the increase in stiffness, as quan-
tified by R, originates from a morphological change in the
network that is induced by the cross-linking reaction, we may
expect that the nonlinear mechanical parameters will also
scale to R.I2*"l Interestingly, we observe that all parameters
show a power law relation with R over the experimentally
accessible regime (Figure 2D-G). The critical stress o, scales
with RO* and the critical strain y = 6./G, ~ R0, The latter
shows that the tighter cross-linked gels become more sensitive
to small deformations, something that is usually not observed
in concentration variations/?®! but may have important con-
sequences for in vitro or other soft matter applications. Also,
the stiffening factor K’/G, determined at a set relative stress
o/0. = 18 and the stiffening index m scales directly to R and,
thus, to the thickening of the bundles inside the composite.
In short, the ionic cross-linking has a negligible effect on the
linear and nonlinear mechanics of the polymer network itself;
while the mechanics of the polymer—particle network strongly
depend on the connectivity between the two components.
Increasing the connectivity increases the gel stiffness in the
LVE regime and decreases the stiffening response in the high
stress regime.

To our best knowledge, this is the first example where the
nonlinear strain stiffening parameters are so extensively
tailored without changing the concentration of the compo-
nents. The “between-bundles” cross-linking approach proves
a relatively easy but highly effective way to control hydrogel
mechanics. The approach is analogous to the cell, where cross-
linking of the different cytoskeletal components is used to
drive the mechanical properties.”” In synthetic systems, how-
ever, the linker density is not always readily adjusted, particu-
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larly in 3D samples, and one should consider using stimuli-
responsive cross-linkers to design tunable strain stiffening gels
in situ. Since our cross-linking strategy is based on a metal-
coordination interaction, we study in the next section how to
exploit this interaction to manipulate the cross-link density in
situ and, simultaneously, the linear and nonlinear mechanical
parameters.

2.3. pH-Responsive Mechanics

Previous work showed that in gels of catechol-functionalized
polymers cross-linked with ferric ions, a pH change influences
the coordination of the ion to form mono, bis, or tris-dentate
catechol complexes,®® which directly affect the mechanical
properties of the gels. In our work, we hypothesize that, anal-
ogously, the pH will affect the coordination of the catechol to
the Fe3" ions (Figure 3A) or FeNRs (Figure 3B). Following our
results from the previous section, we expect a minimal pH-
dependence of the linear and nonlinear PICF¢3* gel mechanics,
but a much stronger dependence on the mechanical properties
of the PICFNP gels.

To study the effect of pH on the intrafibrillar-cross-linked
hydrogels, we used PICF®3*.2 with intermediate cross-link den-
sity, i.e., with a 1:1 molar ratio of azide groups on the polymer
and linker (Table 2). Note that the values at pH = 7 in buffer
differ slightly from the results in MilliQ.?! For the pH range
6-9, the mechanical properties in the gel phase (T = 37 °C) are
comparable to the PIC control at pH =7 (the PIC controls are
not sensitive to a change in pH; data are given in Figures S5A
and S6A and Table S2 in the Supporting Information). We only
find that the pH influences the stiffness at 5 °C, resulting in an
increasing cross-linking efficiency S at high pH (Figure S6B,C
in the Supporting Information with frequency data). This result
was expected as, in this case, the cross-links do not affect the
network architecture, nor the mechanical properties. Only at
low temperatures, we observe at lower pH a higher stability of
the gels, i.e., a higher stability for materials that have more cat-
echol groups bound to a single Fe3* ion.

For the nanoparticle-cross-linked gels, a much stronger
dependency on pH is observed. In these materials, also in the
gel phase, the mechanical properties depend on the connectivity
between polymer chains and particles, which, in turn depends
on the pH of the solution. We studied the intermediately cross-
linked gel PICFNP-4 (cross-linking efficiency S = 0.5 at pH 7)
and find that all samples are cross-linked to some degree; none
of the gels completely collapse at 5 °C (Figure S6D,E in the
Supporting Information for frequency data). At pH 9, a cross-
linked composite hydrogel with S = 0.92 (nearly fully cross-
linked) and R = 4.5 is formed (Table 2 and Figure 3C). These
values are comparable to PIC-FN? gels with a much higher
cross-linker density (Figure 2A). The clearest indication of the
different degree of cross-linking with pH is the shear modulus
at T=5 °C which ranges from 16 Pa at pH 5 to 480 Pa at pH 9.

Fully in line with the linker density study, we observe that
in the high stress regime (Figure 3D), the ferric-ion-cross-
linked gels (square symbols) behave similar to the PIC con-
trols (black symbols, Figure S5B,C, Supporting Informa-
tion) and that the nonlinear mechanical properties of the

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 2. Mechanical properties of the cross-linked composites at dif-
ferent pH. For all samples: [PIC] =1 mg mL™ and [Fe**] = 350 um or
[FeNR] =1 mg mL™". Mechanical properties as the average of 3 measure-
ments with the standard deviation.

Gel pH Linker Gsoc G%pc  Cross-linking Stiffening
concentration  [Pa] [Pa]  efficiency S ratio RY
[um]

PIConlyd 7 - 06+01 17+22 - 1
pICFe3+.2 5 350 18+0.02 61+1 0.03 0.52
pICFe3+.2 6 350 16+£0.2  111+33 0.14 0.94
PICFe3+.2 7 350 29+5  124+30 0.23 1.05
pICFe3+.2 8 350 1+9 1M7+4 0.35 0.99
PICFe3+.2 9 350 67+2 123+2 0.54 1.04
PICFeNP4 5 372 16+9 151+ 34 0.1 13
PICFNP4 6 372 46+11  190+5 0.24 16
PICFeNP4 7 372 137414 275+40 0.50 2.3
PICFeNP.4 8 372 350£0.1 44516 0.79 3.8
PICFeNP.4 9 372 483+27  525+51 0.92 4.5

ACross-linking efficiency S=G. /G, o YStiffening ratio R= G, c/Goc
9Control: PIC gel only; no Fe**, FeNPs, or linkers added PIC at other pH values in
Table S2 (Supporting Information).

nanoparticle-cross-linked gels (filled circles) strongly scale with
pH. When K”is rescaled with G, and o with o, the curves do
not collapse on to a single master curve, but rather show the
deviation that corresponds to a difference in stiffening index
values (Figure 3E and Figure S7 (Supporting Information));
more cross-linked materials become less responsive toward
mechanical deformation. From all curves, the nonlinear stiff-
ening parameters m, % and stiffening factor K7G, were
extracted (Figure 3F-H). At the highest cross-link efficiency
(pH = 9), the stiffening index of the PICFNP4 gel reduced to
m = 0.9 (Figure 3F). As a result, we find that the extent of stiff-
ening, reflected by K/ Gy, in these cross-linked gels significantly
reduces from 39 at pH =5 to 17 at pH = 9 (Figure 3H), which
are much lower than the PIC control or the compared to a value
of 6267 for the PIC gel control (Table S2, Supporting Informa-
tion) or the PIC-F¢3 gels. In addition, we observe that y of the
PIC gel control is not affected by the pH (y of the PIC™3* also

www.advmat.de

shows small variations), while y, of PICTN? gels decreases with
increasing pH (Figure 3G), analogous to earlier observations.
The latter result illustrates that the FeNP composites in a basic
environment are much more sensitive toward relatively small
deformations. In summary, by simply modifying the pH, we
are able to tailor the linear and nonlinear mechanical properties
of the polymer—particle network. The results highlight that the
position, dimensions, and functionality of the cross-links are
crucial to the mechanical response of the hydrogel.

As the catechol-iron bond is dynamic in nature, we expect
that pH-controlled mechanical properties of the PIC™NP gels
are not constant and can be modified in situ. To study this
effect, we performed a rheology experiment, using a home-
built cup-shaped bottom plate, wherein a desired buffer can
be placed after the gel is formed, which then diffuses into
the hydrogel (Figure 3I). A sample (PICFeNP-4) was loaded at
the center of the bottom and after the top plate was lowered
to the gap size (500 um), the sample was heated from 5 to
37 °C. After stabilization for 5 min, 3 mL of MilliQ was added
and the instrument cover was placed to avoid water evapora-
tion. After cross-linking for 24 h, the excess MilliQ was care-
fully removed and replaced by a buffer solution to provide
different pH environments (Figure 3I). Going from pH 7 to
9, the gel's stiffness roughly doubled (Figure 3]). Subsequent
changes to the pH clearly demonstrate the dynamic and revers-
ible variability of the mechanical properties of these composite
gels. The dynamic pH responsiveness was also observed in the
Fe3*-cross-linked gels (Figure S9, Supporting Information). We
note that some (pH independent) hydrogel stabilization from
hydrogen-bonding catechol groups is left in the absence of
ferric ions (Figure S9C, Supporting Information).

Overall, the mechanical properties of the PIC gel itself
is independent of pH. Cross-linking the hydrogel with pH-
responsive elements can be used to tailor the mechanics by
pH, in particular when the cross-links are placed between the
fibers of the gels. Interestingly, the mechanical parameters that
we retrieved from our pH study consistently and quantitatively
scale to R, similarly as they did for the linker density study
(Figure S8, Supporting Information). This result confirms that
the mechanical properties are dominated by connectivity in the
polymer—particle network and the resulting network morpholo-
gies. Modification of this architecture, in our case by pH modu-
lation, is an attractive strategy to manipulate the mechanics of
(strain stiffening) materials.

Figure 3. Mechanical properties of gels at different pH using ionic cross-linking and nanoparticle cross-linking approaches. A,B) Schematic overview
of the effects of pH in Fe3*- (A) and FeNP- (B) cross-linked gels. C) Shear modulus G”as a function of temperature T of PICF3*.2 gels (open squares),
PICFeNP_4 gels (filled circles), PIC (black) at different pH. D,E) Differential modulus K”as a function of applied stress o of the same gels (D), rescaled
with Gy and o, to emphasize the different responses to shear stress. F-H) Stiffening parameters: stiffening index m (F), critical strain ¥ (G), and stiff-
ening factor K’/Gy at /0. =18 (H) as determined from the rheology curves as a function of the pH for PICT®**-2 gels (open), PICTeNP-4 (filled), and PIC
(black). Overall, the parameters show small variations for the Fe3*-cross-linked gels and for the FeNP-cross-linked gel, a strong decrease in m, ¥, and
K’/Go with increasing pH, showing that pH change is a very powerful strategy to also affect the nonlinear mechanical properties of these gels. Data are
averages of n = 2—4 experiments; shading in (A-C) or error bars in (D-G) represent standard deviation. Significance was determined through a paired
t-test. Significant differences: *, p < 0.05; **, p < 0.01; ***, p < 0.001. I) Schematic overview of the rheology setup for in situ dynamic experiments. The
hydrogel (pink) is formed between the plates in a larger cup. The cup allows for replacement of the aqueous phase with buffer solutions of different
pH (green and blue) during the rheology experiment. J) G”of PICTNP.4 as a function of time, showing a dynamic pH responsiveness. Experiment: gel
was prepared and cross-linked at pH =7, cooled, returned to 37 °C, and equilibrated for 10 min; pH 9 buffer was placed in the cup and G’is monitored
while the pH of the gel slowly increases through diffusion. After 75 min, the pH 9 buffer was replaced by a pH 7 buffer, 55 min later by a pH 5 buffer,
and later again by a pH 7 buffer, showing good reversibility of the mechanical properties. Conditions for all panels: For PIC3*-2 gels: [PIC] =1 mg mL™,
[linker] = 350 um, and [Fe*"] = 667 um; for PICFeNP-4 gels, [PIC] =1 mg mL™, [linker] = 372 um, and [FeNR] =1 mg mL™". T=137 °C (D-H, }).
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2.4. Self-Healing Behavior of Fibrous Hydrogels

The dynamics of metal-coordination interactions have already
been exploited to develop self-healing hydrogels.l'213 Analo-
gously, we anticipate that the dynamic interactions in the PIC
composites may give rise to self-healing behavior. To this end,
both composite systems, PICF3* and PICFeNP, as well as the
PIC control were studied. We stress that the combination of the
strain stiffening and self-healing properties is very unusuall3a<
and has never been reported for biological or biomimetic
fibrous hydrogels.

All samples were prepared at pH = 9 in order to optimally
benefit from the metal-coordination interactions. After the
standard preparation procedure in the rheometer, the sam-
ples were subjected to repeating cycles of low (y = 1%) and
high (y = 300%) strain. Typical crossover strains where G’ <
G” are around 100% for all samples (Figure S10, Supporting
Information). Preliminary studies that varied the polymer con-
centration indicated that efficient self-healing properties were
found at relatively high PIC concentrations and intermediate
cross-linker and linker concentrations (Figure S11, Supporting
Information).

In a qualitative experiment, pure PIC, PICF®**, and PICFeNP
hydrogels were generated on a Petri dish, cut in two pieces,
and reconstituted by placing the cut interfaces together
(Figure 4A-C). The pure PIC gel failed to join (Figure 4A and
Video S1 (Supporting Information)), while the ionic- and nan-
oparticle-cross-linked gels healed at the interface and the gels
maintained shape integrity under shaking (Figure 4B,C and
Videos S2 and S3 (Supporting Information)).

More quantitative studies were carried out with the com-
posites PICFe3*-2 and PICFNP.4 with a PIC concentration of
6 mg mL™ (dD linker concentrations of 2.1 and 1.45 mwm,
cross-linker concentration of [Fe**] = 1 mm or [FeNPs] =
4 mg mL™, respectively). At these PIC concentrations, the
stiffnesses of the ionic- and FeNP-cross-linked gels increase
to 2 and 5 kPa, respectively; the PIC gel forms a gel with
G’=1 kPa (Figure 4D-F). When applying a 300% strain, all
materials exhibited fluid-like, viscous behavior indicated by
the pronounced decrease in G’ After cessation of the high
strain, the recovery was monitored at 1% strain and 1 Hz fre-
quency. PIC™NP.4 gels showed excellent mechanical recovery
within seconds, even after 12 cycles (Figure 4F). Contrasting
the quick and qualitative cutting experiment, only 10% of the
original modulus retrieved after the first cycle of the corre-
sponding ferric-ion-cross-linked gel, which decreased to 5%
after 12 cycles (Figure 4E). As expected, the pure PIC showed
minimal healing efficiency (Figure 4D).

The results indicate that the cross-linking mode is critical
to the self-healing behavior. In the absence of cross-linker or
when the cross-linker is situated between the polymer chains
in the bundle, the hydrogel is unable to recover from a large
deformation. In the plain PIC gel, the interactions between
the polymer chains in the fibrils have been broken upon the
large deformation and the gel character of the material largely
disappeared (Figure 4G). We anticipate that for the ferric-ion-
cross-linked gel, the interactions within the bundles, between
the polymer chains fully recover. These interactions, however,

Adv. Mater. 2022, 34, 2202057 2202057 (8 of 13)
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poorly contribute to the mechanical stability of the network at
a larger scale after a large deformation disrupted the fibrillar
network architecture, but are sufficient to provide local healing
after a cut. Contrastingly, the nanoparticles form bonds
between different fibrils and when they reform after the high
strain is removed, they directly contribute to network integrity,
provided that their number of interactions is sufficiently high.
The experiments at lower PIC and FeNP concentrations ([PIC]
=1 or 3 mg mL! and [FeNP] = 1 or 4 mg mL™!, Figure S11,
Supporting Information) show that a reduced density of inter-
actions gives less efficient healing.

2.5. Biocompatibility of the Composites

To be able to apply such material in in vitro cell culture, basic
biocompatibility must be established, which was studied
using human foreskin fibroblasts (HFFs). The fibroblast were
encapsulated in the 3D hydrogel composites, either containing
ionic-cross-linked gels with low and highly cross-linking den-
sities, or nanoparticle-cross-linked gels with low and high
cross-linking densities. As controls the PIC gel alone and PIC-
nanoparticle physical mixture were used. To allow cell-matrix
interaction, we used for the cell work PIC polymers that were
decorated with the cell-adhesive peptide Gly-Arg-Gly—Asp—
Ser (GRGDS), analogous to earlier studies.?* Note that the
peptide conjugation uses the same, but with extra available
azide groups on the polymer chain for cross-linking. The bio-
compatibility of the PIC gel has been well-established,?* also
for HFFs.?*] Biocompatibility was studied with a live-dead
assay, a proliferation assay based on mitochondrial activity,
and a Comet assay to screen for DNA damage from the
nanoparticles.

The live-dead images (Figure 5A) show viability in the dif-
ferent PIC gel culture systems, where calcein-AM (green) stains
alive cells and TOTO-3 (red) stains dead cells. Image quanti-
fication yields viability values between 98% (for the PIC gels
cross-linked with Fe**) and 84% for the PIC/FeNP physical mix-
ture and the densely cross-linked PICFeNP-6. Overall at day 5,
viability is high to very high for all samples, which confirms
that these matrices may be explored further for any other bio-
logical applications. Further, the bright field images (Figure 5B)
showed excellent cell spreading as well as cell-cell attachment.
Moreover, the black color of FeNR was also visible. We empha-
size that PIC matrices are intrinsically not biodegradable and
cannot be enzymatically remodeled. Cell migration is sup-
ported by physical remodeling mechanisms, as was earlier also
found in nondegradable alginate gels.[!

Proliferation (Figure 5D) was measured at day 1 (striped
columns) and day 5 (open/filled columns) through analysis of
cellular mitochondrial activity through a commercially avail-
able Cell Counting Kit-8 (CCK8) assay. The results are rep-
resented as the absorbance at days 1 and 5. Fibroblast prolif-
eration in the control and the FeNP mixture was in line with
earlier studies,?* however, the fold change from day 1 to day
5 for the nanoparticle-cross-linked gels was particularly high:
11.3 and 3.1 for PICFeNP-1 and PICFeNP-6, respectively. Overall,
we conclude that for all conditions, proliferation is increasing

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Self-healing properties of differently cross-linked PIC gels. A-C) Photos of the self-healing properties of PIC (A), ionic-cross-linked gels (B),
and nanoparticle-cross-linked gels (C). The red line in (C) indicates the fractured interface. Movies of the experiment are available in the Supporting
Information. D—F) Strain amplitude measurements at with strains cycling between 1% (blue background) and 300% (yellow) strain of PIC gels (no
cross-linking) (D), ionic-cross-linked gels (E), and nanoparticle-cross-linked gels (F). Conditions: PIC control: [PIC] = 6 mg mL™; PICF3+.2 gel: [PIC] =

6 mg mL™, [linker] = 2100 um, and [Fe*] = 1000 um; for PICTeNP-4 gels, [PIC]

=6 mg mL7, [linker] = 1448 pum, and [FeNR] =4 mg mL™; all samples: T=

37 °C. Note, the linker/PIC ratio is the same as in the PICT®**-2 gel, ferric ions are in excess, and that FeNP concentration matches the PICTNP-4 gel.
G) Schematic illustration of the healing concept for the dynamic metal-coordination interactions in the different hydrogels.

in time, which further confirms biocompatibility of all (com-
posite) hydrogels.

The Comet assay of cells treated with a high concentration of
iron nanorods in the medium showed increased DNA damage as
compared to control cells (Figure S12, Supporting Information),

Adv. Mater. 2022, 34, 2202057 2202057 (9 of 13)

which was in line with the results of previous studies.!l The tail
moment of DNA was found to depend on nanoparticle concen-
tration; a higher tail moment was visible in case of nanoparticle
with concentration of 1 mg mL™ (3.0 um) compared to nanopar-
ticle concentration of 10 ug mL™ (0.8 um) and control (0.4 um).
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Figure 5. Biocompatibility of the hydrogels. A) Confocal fluorescence images of fibroblasts (HFFs) encapsulated in PIC gels and composites at day 5
after seeding. Living cells (green) and dead cells (red) stained with calcein-AM and TOTO-3, respectively. B) Bright-field images of fibroblasts encap-
sulated in the different hydrogel groups at day 5 after seeding, showing good strong cell spreading in 3D. Scale bars in (A/B): 100 um. C) Quantitative
analysis of confocal images of living cells (green) and dead cells (red). Data are presented as percentage of live cells, n=29; significance was determined
through a one-way ANOVA. D) CCK8 assay results for cell viability at day T (striped columns) and day 5 (solid columns); Statistics n = 3; Student t-test;
p-values > 0.05, are considered not significant (ns); significant differences: *, p < 0.05. All data represented as mean + standard deviation. The color

coding in panels (C) and (D) follows that used in Figure 2.

3. Discussion

So far, it proofs exquisitely challenging to realize advanced
mechanical properties in artificial materials (either synthetic
or reconstituted biological materials) that are able to replicate
the soft tissues in our bodies. The typical architecture of these
networks is fibrillar, which gives rise to stable highly porous
networks at low (bio)polymer densities. Reconstituted biopol-
ymer networks, such as collagen and fibrin indeed show such
architectures as well as key mechanical characteristics”! such as
strain stiffeningl?? and stress relaxation*! but the mechanical
parameters are difficult to manipulate, let alone to tailor inde-
pendently. In synthetic mimics, which are very rare, control
over the mechanical properties is typically higher but adap-
tiveness is mostly limited to a temporary stiffening response
(based on strain stiffening) upon external cues such as tem-
peraturel'"23 or magnetic fields.*” A viable strategy to push the

Adv. Mater. 2022, 34, 2202057 2202057 (10 of 13)

current boundaries is to combine the gel with different mate-
rials. In this work, we combined fibrous strain stiffening mate-
rials with responsive cross-linkers.

The nonlinear stiffening regime of (semiflexible) fibrous
hydrogels is characterized by a steep increase in the modulus
beyond a critical stress or strain that has been reached in the
material. Although the number of hydrogels that display
strain stiffening behavior is rapidly increasing,'*l the effect
is still not common in synthetic materials. In the literature,
two models, an enthalpic and an entropic model are used to
describe the effect,?* the contribution of each model in a par-
ticular network primarily depends on the bending constant of
the fibers, which often strongly correlates to their diameter and
the density of constituting polymer chains. As such, in situ
manipulation of the fibrous architecture through cross-linking
is an excellent strategy to manipulate the nonlinear mechanical
properties of the hydrogel. Indeed, we observed that the strain

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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stiffening properties strongly correlate to the concentration of
a cross-linker, but only when the cross-linker binds the fibrils.
When the cross-linker is embedded in the fibrils, we see no
effect on the linear or nonlinear mechanical properties at all.

We emphasize that for the FeNP-cross-linked hydrogels, the
mechanical properties are no longer determined by the concen-
tration of polymer or cross-linker, but rather by the connectivity
or the density of interactions between the two. In other words,
the composition of the mixture does not need to change con-
siderably to change mechanical properties in situ. By using a
responsive cross-linker, or in our case, a pH-responsive linkage
between the polymer and the cross-linker, one is able change
the interaction density and with that the mechanical properties.
Here, we used straightforward magnetic iron oxide nanorods to
develop magnetic hydrogels but without stretching the imagi-
nation too much, one can think of a variety of functions that
such nanoparticle can carry to bring more advanced properties
into the material.

The superior properties of the nanoparticle-cross-linked
composites compared to the corresponding single component
gels are showcased in the self-healing experiments. Although
two examples of self-healing and strain stiffening hydrogels
have appeared in the literature,'*24 we are unaware of exam-
ples of fibrous networks with this combination of proper-
ties. A potential reason why they were not found before, for
instance, in collagen that simply breaks at high deformations
may be explained by the cross-linking mode: only cross-links
at the fibril level give effective self-healing properties. Com-
monly used, small molecule cross-links, like the ferric ions in
this paper or other covalent or noncovalent cross-linkers!2%43l
simply bind individual polymer chains, which can be restored
after large deformations but do not return an intact branched
network.

4, Conclusion

We have prepared a synthetic, highly biomimetic fibrous
hydrogel composite with highly adaptive linear and nonlinear
mechanical properties. Unlike other materials where the
mechanical parameters, particularly the strain stiffening param-
eters, are typically tailored by the concentration of polymer or
cross-linker, in these materials, they are dominated by the con-
nectivity between the polymer and nanoparticles, either through
the linker density or the interaction strength between the two
components. For the FeNP-cross-linked composites, this results
in an approximately fivefold change in stiffness between pH 5
and 9. which is easily realized in situ. We reiterate that the key
design principle is the use of a large, multifunctional nonco-
valent cross-linker, and we believe that this principle may be
important for the design of future generation responsive (mag-
netic, conductive, and light) and adaptive materials.

Recently, PIC hydrogels have been developed as a highly
tunable in vitro 3D cell culture matrix?*4#! with excellent
cell biocompatibility. This work presents another strategy to
dynamically manipulate the gel'’s mechanics through nano-
particle cross-linking. At these concentrations, the presence of
the nanoparticles in the matrix does not compromise the bio-
compatibility at the time scale of a week. We foresee that such
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dynamic, reversible strategies allow researchers to simply tune
“up” or “down” of the mechanical properties of their matrices at
will, allowing them to study or drive physiological processes of
their in vitro cell cultures, including organoid development or
(complex) tissue formation.%!

5. Experimental Section

Materials: Details of material preparation are given in the Supporting
Information. The linker was synthesized by the reaction between a
DBCO and N-hydroxysuccimide (NHS) ester-functionalized spacer and
dopamine, as detailed in the Supporting Information. The FeNRs were
synthesized following previous reported methods.*l The dimensions
were analyzed by transmission electron microscopy experiments
(Figure S1B-D, Supporting Information): diameter d = 48 nm, length L =
420 nm. FeNRs were functionalized with linkers, and the grafting density
of linkers on the FeNRs surface was controlled by the concentration of
linkers added in the FeNR functionalization protocol and analyzed by a
UV-vis spectroscopy protocol (details in the Supporting Information).
Unless specified otherwise, the concentrations of PIC and FeNRs in gel
composite samples discussed in the paper were both 1 mg mL™, which
meant that the gels contained 99.8 wt% water.

The azide-functionalized PIC polymers were synthesized based on
previous reported procedures!?**%°l with a minor modification, i.e., the
fraction azide monomer for the functionalized PIC was increased to
10 mol% in the polymerization reaction. The total monomer to catalyst
ratio was 1000:1. Based on viscometry measurements, 8! the molecular
weight of azide-functionalized of PIC was M, = 358 kg mol™". For study
of mechanical properties, azide—polymers were dissolved in deionized
(MilliQ) water. PIC biofunctionalization followed earlier procedures
with a minor modification.?*l Briefly a DBCO-GRGDS conjugate
was synthesized by the GRGDS peptide (H-Gly—Arg—Gly—Asp-Ser—
OH, Bachem Germany) and a DBCO-tetra(ethylene glycol)-NHS
(DBCO-PEG4-NHS, Bioconjugate Technologies, Scottsdale) spacer,
followed by addition to an (10 mol%) azide-functionalized PIC polymer
solution with a 3:10 ratio of DBCO to azide. Note, the remaining azide
groups were available for ionic or nanoparticle cross-linking. Then, the
biofunctioanlized PIC (PIC-RGD) pellets were UV sterilized at 254 nm for
10 min and dissolved in sterile phosphate-buffered saline (8 mg mL™)
at 4 °C overnight. The dissolved polymers were aliquoted and stored at
—20 °C until cell seeding.

Preparation of Hydrogel Composite Samples: For the ionic-cross-
linked gels, a cold PIC solution (T =5 °C) was mixed with a precooled
(T =5 °C) aqueous solution of the cross-linker and iron chloride. The
mixture was transferred to the rheometer at 5 °C, which was then
heated to 37 °C (well above the PIC gelation temperature T, = 18 °C).
For the nanoparticle-cross-linked composites, the precooled (T =5 °C)
and sonicated solution of functionalized FeNRs was added to a cold
PIC solution (T = 5 °C) and transferred to the rheometer. Note that
for the pH studies, the PIC stock solutions were prepared in buffer
solutions. After the geometry was closed, the mixture was heated to the
desired cross-linking temperature (mostly T = 50 °C) and kept at this
temperature for 10 h before cooling to 5 °C.

Rheology Measurements: The mechanical properties were analyzed
on a Discovery HR-2 rheometer (TA Instruments) using a parallel steel
plate geometry with a plate diameter of 20 mm and a gap of 500 um.
The samples were loaded into the rheometer at 5 °C and the geometry
was closed. For long time experiments, a layer of silica oil was added
to seal the gap to prevent sample dehydration. Then, the samples
were heated either quickly or with a controlled rate (1 °C min™) to the
desired temperature where they were equilibration for a short period
(=10 min). The mechanical properties in the linear viscoelastic regime
were recorded at a strain amplitude y = 4% and frequency @ =1 Hz,
unless noted otherwise. The nonlinear response of the hydrogels
was evaluated by applying frequency sweep (0.1-10 Hz) with a small
stress amplitude superposed on a set prestress oy (with o < 0.10y).
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Note that this prestress protocol was rather time-consuming but gave
more accurate results than a simple strain sweep.l Each sample was
measured at least 2 times to ensure repeatability.

Cell Culture: Fibroblasts derived from human foreskin were cultured
in Dulbecco’s modified Eagle’s medium in the presence of 10% fetal
bovine serum and 1% penicillin/streptomycin until 80-90% confluency
was reached, as described previously.] For seeding, cells were harvested
using trypsin—ethylenediaminetetraacetic acid (EDTA) treatment,
followed by resuspension in complete medium after centrifugation.
Cells at a final density of 2 x 10° cells mL™" were mixed with hydrogels
at a concentration of 1 mg mL™ and seeded on microplates and 96 well
plates (uncoated, Ibidi GmbH, Martinsried, Germany) with a volume
of 10 or 100 pL, respectively. After seeding, the plates with the cells
3D encapsulated in the hydrogels were incubated at 37 °C, 5% CO, for
30-60 min. Medium (50 puL for microplate and 200 uL for 96 well plate)
was added on top of the hydrogels, and was refreshed every two days.
Note that cell seeding, medium addition, and medium refreshment were
carried out inside the cell-culture hood, on a hot plate (37 °C) to avoid
resolubilization of the (un-cross-linked) PIC gels. Descriptions of the
used assays are given in the Supporting Information.

Statistical Analysis: Statistical analyses of the values for all
experiments were presented as mean * standard deviation. Statistical
analysis (Origin Software) was evaluated for >2 data sets using one-way
analysis of variance (ANOVA), followed by paired Student’s tests or,
for 2 data sets, a paired Student’s t-test. Propability values p > 0.05
were considered not significant. For significant differences: * p < 0.05,
Fk p< 00]’ Fefedk p< 0001, Fefedede p< 0.0001.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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